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THE  NEED  FOR  GPS  STANDARDIZATION 


W.  Lewandowski,  G.  Petit  and  C.  Thomas 
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92312  Sevres  Cedex 
France 


Abstract 

A  desirable  and  necessary  step  for  improvement  of  the  accuracy  of  GPS  time  comparisons  is  the 
establishment  of  common  GPS  standards.  For  this  reason,  the  CCDS  proposed  the  creation  of  a  special 
group  of  experts  with  the  objective  of  recommending  procedures  and  models  for  operatiorml  time  transfer 
by  GPS  common-view  method. 

Since  the  announcement  of  the  implementation  of  Selective  Availability  at  the  end  of  last  spring, 
action  has  become  much  more  urgent  and  this  CCDS  Group  on  GPS  Time  Transfer  Standards  has  rww 
been  set  up.  It  operates  under  the  auspices  of  the  permanent  CCDS  Working  Group  on  TAJ  and  works  in 
close  cooperation  with  the  Sub-Committee  on  Time  of  the  CGSIC. 

Taking  as  an  example  the  implementation  of  SA  during  the  first  week  of  July  1991,  this  paper  illus¬ 
trates  the  need  to  develop  urgently  at  least  two  standardized  procedures  in  GPS  receiver  software:  moni¬ 
toring  GPS  tracks  with  a  common  time  scale  and  retaining  broadcast  ephemeris  parameters  throughout 
the  duration  of  a  track.  Other  matters  requiring  action  are  the  adoption  of  common  models  for  atmo¬ 
spheric  delay,  a  common  approach  to  hardware  design  and  agreement  about  short-term  data  processing. 
Several  examples  of  such  deficiencies  of  standardization  are  presented. 


INTRODUCTION 

In  recent  years  the  operational  GPS  worldwide  time  transfer  by  C/A  code  receivers  in  common- 
view  m.ode  [l]  has  seen  significant  progress  in  both  precision  and  accuracy  [2].  The  accuracy 
of  GPS  time  links  within  continents  now  approaches  two  nanoseconds  on  an  operational  basis. 
Between  continents,  the  accuracy  of  operational  links  is  between  10  and  20  nanoseconds.  Some 
recent  studies,  however,  have  shown  that,  when  using  an  accurate  homogeneous  reference  frame  for 
antenna  coordinates,  ionospheric  measurements  and  post- processed  precise  satellite  ephemerides, 
these  long-distance  time  comparisons  can  be  achieved  with  an  accuracy  of  a  few  nanoseconds  [3]. 

But  when  approaching  such  a  level  of  accuracy  other  problems  arise.  These  are  mainly  due  to  the 
lack  of  standardization  in  the  software  and  hardware  of  commercial  receivers  which,  for  example, 
process  raw  data  differently  or  treat  the  input  signal  to  the  antenna  in  different  ways.  There  is,  in 
addition,  a  need  to  remove  the  effects  of  SA  degradation  of  GPS  signals. 

The  first  section  of  this  paper  presents  an  analysis  of  the  effects  of  SA  with  the  example  of  its 
implementation  during  the  beginning  of  July  1991.  VVe  show  here  the  absolute  necessity  of  strict 
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common  views  and  of  data  post-processing  with  precise  satellite  ephemerides  to  overcome  SA  effects. 
There  is  a  consequent  need  for  unified  procedures  in  the  design  of  GPS  time  receivers. 

The  second  section  deals  with  some  other  deficiencies  of  GPS  time  transfer  which  could  be  reduced 
in  the  framework  of  an  international  standardization.  Several  examples  are  given  and  are  illustrated 
by  the  diversity  of  GPS  time  receiver  types  now  in  operation  at  the  BIPM  and  national  centers. 

The  third  section  of  this  paper  briefly  reports  on  the  roles  of  the  formal  bodies  concerned  with  GPS 
standardization:  the  CGSIC  Subcommittee  on  Time  and  the  CCDS  Group  on  GPS  Time  Transfer 
Standards. 

IMPLEMENTATION  OF  SA,  JULY  1-4  1991 

The  GPS  system  was  designed  with  an  optional  facility  to  degrade  the  GPS  signals  available  to 
non-  cleared  users.  The  degradation  is  called  ‘Selective  Availability’  (SA).  In  addition  to  SA,  there 
is  also  Anti-Spoofing  (AS). 

The  activation  of  SA  and  AS  makes  the  GPS  Precise  Positioning  Service  (PPS),  which  contains  the 
full  accuracy  of  GPS,  inaccessible  to  those  without  encryption  keys  (authorized  users).  However, 
the  Clear  Access  (C/A)  1.023  MHz  code  on  LI  frequency  remains  available  for  all  users  and  provides 
the  GPS  Standard  Positioning  Service  (SPS).  In  case  of  SA,  the  SPS  has  a  stated  95%  accuracy  in 
two  dimensions  of  100  meters  in  position  and  167  ns  in  time  [4]. 

According  to  the  information  available  to  the  civil  community,  the  degradation  brought  about  by  SA 
concerns  only  Block  II  satellites  and  consists  of  a  phase  jitter  in  the  satellite  clock  and  a  changeable 
bias  in  the  broadcast  ephemerides.  For  the  civil  users,  SA  causes  peak-to-peak  inaccuracies  of 
several  hundreds  of  nanoseconds  in  the  direct  extraction  of  GPS  time  from  Block  II  satellites  [5]. 

This  was  observed  for  four  consecutive  days  at  the  beginning  of  July  1991.  Figure  1  shows  an 
example  of  raw  GPS  data  taken  at  Paris  Observatory  (Paris,  France):  a  time  modulation  as  high 
as  200ns  is  added  to  the  usual  noise  affecting  the  GPS  data. 


Use  of  post-processed  precise  ephemerides 

The  effect  of  a  changeable  bias  in  the  broadcast  ephemerides  can  be  overcome  if  precise  post- 
processed  ephemerides  are  available.  Such  precise  ephemerides  are  produced  by  the  Defense  Map¬ 
ping  Agency  (DMA)  and  the  National  Geodetic  Survey  (NGS)  [6].  They  are  received  on  a  regular 
basis  at  the  BIPM,  the  delay  before  access  being  several  weeks.  Their  estimated  accuracy  is  of 
order  3m. 

In  practice,  computations  with  precise  ephemerides  require  knowledge  of  the  broadcast  ephemerides 
used  by  the  receiver  software  in  order  to  apply  differential  corrections  [7],  so  it  is  necessary  to  collect 
regularly  GPS  broadcast  ephemerides,  at  least  at  some  sites  in  the  world.  Another  difficulty  is  the 
possible  change  of  ephemeris  parameters  during  the  usual  13-minute  tracking  period.  This  makes  it 
necessary  to  modify  the  software  of  current  GPS  receivers  in  order  to  retain  a  single  set  of  ephemeris 
parameters  for  the  full  duration  of  the  track. 

At  the  BIPM  the  software  of  one  commercial  GPS  receiver  has  been  modified  to  permit  a  13- minute 
freezing  of  ephemeris  parameters  and  the  recording  of  broadcast  ones.  We  are  thus  in  position  to 
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Figure  1.  [UTC(OP)  -  GPS  time] 


Raw  data  from  Block  l&il  satellites 


correct  raw  GPS  data  for  precise  satellite  ephemerides  [8]. 

The  raw  data  taken  at  Paris  Observatory  at  the  beginning  of  July  1991  are  repeated  in  Figure 
2-a  for  Block  I  satellites  and  in  Figure  2-b  for  a  selection  of  Block  II  satellites,  those  for  which  we 
can  effectively  process  an  ephemeris  correction.  The  results  of  this  correction  process  are  shown 
in  Figures  3-a  and  3-b,  together  with  the  smoothed  values  [UTC(OP)  -  GPS  time]  obtained  from 
Block  I  satellites  only,  through  a  Vondrak  smoothing  with  a  cut-off  period  of  about  3  days  [9]. 

The  use  of  precise  ephemerides  improves  the  precision  of  time  extraction  from  Block  I  satellites,  and 
removes  major  errors  from  Block  II  satellites.  For  the  4-  day  period  (1-4  July  1991)  the  root  mean 
square  of  the  residuals  to  the  smoothed  values  [UTC(OP)  -  GPS  time]  is  equal  to  15.4ns  for  Block 
I  satellites  and  to  29.9ns  for  Block  II  satellites.  Such  a  high  value  for  the  Block  II  satellites  implies 
that  the  specific  implementation  of  SA  used  in  this  period  consists  not  only  in  the  degradation  of 
satellite  ephemerides  but  also  in  the  activation  of  on-board  clock  jitter. 

It  is  interesting  to  make  a  quantitative  evaluation  of  the  amount  of  noise  brought  about  by  SA 
during  these  four  days: 

*  The  degradation  of  ephemerides  can  be  estimated  from  the  root  mean  square  of  the  differential 
time  corrections  between  broadcast  and  precise  ephemerides.  From  the  values  computed  at 
the  BIPM  for  the  period  1-4  July  1991,  we  obtain  about  39ns.  However,  this  value  is  probably 
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an  under-estimate  as  the  differential  corrections  for  satellite  21,  one  of  those  most  affected  by 
SA,  is  unavailable  (no  recording  of  its  broadcast  ephemerides  at  that  time). 

*  The  noise  observed  for  Block  II  satellites  corrected  for  precise  ephemerides  (Fig.  3-b)  comes 
both  from  clock  jitter  brought  about  by  SA  and  from  the  usual  noise  of  time  extraction.  This 
latter  can  be  estimated  from  data  taken  from  Block  I  satellites  (Fig.  3-a).  Thus  this  gives  a 
rough  estimation  of  the  root  mean  square  of  the  clock-jitter  deviation  of  about  26ns. 


Computation  of  strict  common  views 

It  is  possible  to  eliminate  on-boaiu  clock  jitter  in  the  comparison  of  remote  clocks  on  the  Earth. 
This  supposes  that  strict  common- view  observations  are  available  [1,5],  that  is  observations  having: 

*  same  track  length  (780s), 

*  same  start  time  (within  Is). 


These  conditions  on  timing  express  the  need  for  a  common  reference  time  scale  for  monitoring 
tracks.  This  is  not  always  the  case  at  present:  the  BIPM  international  schedule  refer  to  UTC  time 
but  some  commercial  receivers  refer  to  GPS  time  or  even  mix  UTC  time  and  GPS  time. 

To  complete  the  example  of  SA  described  here,  we  have  computed  the  long-distance  time  compar¬ 
isons  [UTC(OP)  -  UTC(NIST)]  for  21  consecutive  days  covering  the  period  1-4  July  1991.  The 
residuals  to  smoothed  values  (Vondrak  smoothing  with  a  3-day  cut-off  period  [9])  are  shown  in 
Figure  4-a  from  strict  common  views.  They  show  that  on-  board  clock  jitter  noise  is  canceled,  but 
ephemerides  degradation  is  still  present.  After  applying  corrections  for  precise  ephemerides  (Fig. 
4-b)  the  effect  of  SA  become  indiscernible:  the  root  mean  square  of  the  residuals  to  smoothed  values 
drops  to  5.2ns  for  the  21-  day  period.  Figure  4-c,  where  correction  for  measured  ionospheric  delay 
on  both  branches  of  the  link  is  applied  [8],  is  yet  more  striking:  the  precision  of  the  time  transfer 
(root  mean  square  of  the  residuals)  is  a  remarkable  2.7ns. 


Conclusions 

The  particular  example  of  SA  chosen  here  does  not  correspond  to  the  full  specification  of  SA  given 
in  official  documents  [4].  The  civil  community  must  be  then  prepared  to  face  even  more  serious 
problems.  At  least  we  know  how  to  overcome  SA  in  a  post-processed  mode:  we  use  precise  satellite 
ephemerides  and  strict  common-view  observations. 

The  impact  on  the  need  for  GPS  Standardization  is  now  very  clear:  local  GPS  time  receivers 
should,  at  least,  use  the  same  reference  time  for  monitoring  track  start  time  and  retain  ephemeris 
parameters  over  the  13-  minute  duration  of  a  track.  It  may  also  be  wise  to  follow,  strictly,  the 
international  schedule  for  common-  view  time  transfer  issued  by  the  BIPM. 
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EXAMPLES  OF  DEFICIENCIES  IN  GPS  TIME-TRANSFER 
CAUSED  BY  A  LACK  OF  STANDARDIZATION 


In  this  section  we  give  some  examples  of  deficiencies  in  GPS  time  transfer  caused  by  a  lack  of 
standardization.  We  report  briefly  on  recent  progress  and  underline  residual  difficulties.  Some  of 
these  points  have  already  been  discussed  in  [10]  so  we  have  chosen  here  to  focus  on  topics  pointed 
out  more  recently. 


Homogenization  of  antenna  coordinates 

At  one  time,  errors  in  antenna  coordinates  contributed  one  of  the  largest  terms  to  the  global  error 
budgets  of  GPS  time  links  [2].  These  errors  were  first  reduced  for  continental  links  [11,12],  then, 
in  1990,  a  global  homogenization  of  coordinates  was  realized  in  one  of  the  most  accurate  reference 
frames,  the  ITRF  (lERS  Terrestrial  Reference  Frame)  [13].  The  BIPM  continues  this  effort  of 
homogenization  by  providing  accurate  coordinates  in  ITRF  (uncertainties  range  from  10cm  to  Im) 
to  new  laboratories  equipped  with  GPS  time  receivers  and  contributing  to  TAI.  The  last  GPS 
antenna  position  determined  by  the  BIPM  is  installed  near  Moscow  in  the  VNIIFTRI:  it  is  the  first 
ITRF  point  in  USSR,  the  uncertainty  of  the  determination  is  Im  [14]. 

Receiver  hardware 

A  recent  study  [15]  has  shown  one  particular  GPS  time  receiver  type  to  be  sensitive  to  external 
temperature.  This  sensitivity  has  been  shown  to  depend  on  the  length  of  antenna  cables.  With  a 
100m  antenna  cable  the  peak-to-peak  deviations  can  reach  20ns. 

Recently  a  sensitivity  to  signal  power  has  been  discovered  at  the  NIST  (National  Institute  of 
Standards  and  Technology,  Boulder,  Colorado)  [16];  when  a  lOdB  pad  is  added  to  the  antenna, 
the  measured  receiver  delay  is  modified.  Generally  this  change  is  of  order  Ins,  but  for  one  receiver 
tested  at  the  NIST  the  change  was  much  higher. 

At  present  time,  the  reasons  for  such  discrepancies  are  not  completely  understood  but  it  is  already 
clear  that  a  standardization  in  hardware  design  may  be  necessary. 


Receiver  software 
A  typical  example 

Colleagues  from  the  Laboratoire  Primaire  du  Temps  et  des  Frequences  (LPTF,  Paris,  France), 
responsible  for  the  production  of  TA(F)  and  UTC(OP),  have  recently  drawn  the  attention  of  the 
BIPM  to  an  example  of  non-uniformity  in  the  treatment  of  GPS  signals  by  different  GPS  receivers 
operating  in  France. 

Figures  5-a,  5-b  and  .5-c  summarize  the  situation.  The  LPTF  operates  on  site  three  receivers  from 
different  manufacturers  A,  B  and  C.  Raw  GPS  data  [UTC(OP)  -  GPS  time]  obtained  by  receivers 
A  and  B  are  in  good  agreement  except  for  satellite  19  (Fig.  5-a)  which  provides  raw  values  with  a 
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spread  of  about  15ns.  Raw  GPS  data  obtained  by  receivers  C  and  B  are  in  good  agreement  even 
for  satellite  19  (Fig.  5-b). 

The  CNES  (Centre  National  d’Etudes  Spaciales,  Toulouse,  France)  operates  one  receiver  of  type 
A.  When  computing  the  time  link  [UTC(CNES)  -  UTC(OP)]  with  receiver  A  in  CNES  and  B  in 
LPTF,  values  given  from  observing  satellite  19  are  too  small  by  about  15ns  (Fig.  5-c). 

It  may  be  that  receivers  of  type  A  perform  an  incorrect  treatment  of  data  from  satellite  19  for  some 
reason  at  present  unknown,  while  receivers  of  types  B  and  C  handle  it  correctly.  But  there  is  an 
alternative:  satellite  19  data  may  be  treated  correctly  by  receiver  of  type  A,  while  all  other  values 
are  wrong. 


Sampling  of  short-term  GPS  data 

For  most  of  GPS  time  receivers,  short-term  data  are  taken  every  15s.  For  others  short-term  data 
are  taken  every  6s  but  offer  an  option  which  allows  the  choice  of  6s  or  15s  for  basic  observations. 
Another  receiver,  recently  put  in  operation  at  the  BIPM,  uses  Is  intervals  short-term  measurement. 
In  addition  short-term  raw  data  are  not  treated  identically.  This  could  make  it  difficult  to  define 
the  actual  start  times  of  tracks  when  strict  common  views  are  necessary. 

Sampling  of  short-term  measurement  is  one  important  element  of  receiver  software  which  is  not 
standardized,  but  other  points  are  questionable,  among  them  the  models  which  are  used  for  esti¬ 
mation  of  the  ionospheric  and  tropospheric  delays  of  GPS  signals,  and  also  the  regular  updates  of 
constants  used  in  receiver  software. 


GPS  data  format 

At  present  time  most  GPS  receivers  use  the  so-called  ‘NBS  format’  initially  developed  for  ‘NBS 
type’  receivers  in  1983. 

Until  early  1990,  this  standard  format  has  fully  played  its  role.  The  problem  of  defining  a  new 
format  for  GPS  data  files  arose  when  ionospheric  measurement  systems  began  to  operate  in  tandem 
with  current  time  receivers.  The  automatic  correction  of  GPS  data  by  ionospheric  measurements 
raised  several  questions,  in  particular  the  need  to  provide  additional  data  columns  for  ionospheric 
measurements  and  the  corresponding  statistical  parameters.  The  values  of  the  tropospheric  model 
should  also  be  present  in  the  output  files. 

In  addition  to  these  new  questions,  there  is  an  incoherence  in  the  usual  data  format:  the  quantities 
issued  are  not  referenced  to  the  same  instant  of  the  track.  ‘START  TIME’  is  given  for  the  beginning 
of  the  track  while  ‘ELEVATION’  and  ‘AZIMUTH’  of  the  satellite  refer  to  its  position  at  the  end 
of  the  track.  The  useful  data  ‘REF-GPS’  is  referenced  to  any  of  the  beginning,  the  mid-point  or 
the  end  of  the  track,  among  which,  statistically,  the  mid-point  value  is  the  most  reliable.  In  fact 
all  the  values  given  in  GPS  data  files  should  be  referenced  to  the  mid-point  of  the  track. 

The  choice  of  unit  is  also  questionable.  It  has  become  necessary  to  specify  time  values  in  tenths  of 
nanoseconds  rather  than  in  nanoseconds.  The  elevation  and  azimuth  of  the  satellite  should  also  be 
given  in  tenths  of  degrees. 

Finally,  it  must  be  remembered  that  the  arrangement  of  the  columns  is  only  the  visible  part  of  the 
work.  It  is  also  necessary  to  agree  on  and  to  di.stribute  the  corresponding  software.  Setting  up  a 
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new  format  also  means  that  users  need  to  be  informed  about  its  meaning  for  the  best  use  of  data. 

Most  discussion  about  the  GPS  data  format  is  now  opened.  Receiver  manufacturers  and  the  staff 
of  the  national  time  laboratories  are  invited  to  give  their  opinions  and  suggestions.  Agreement  on 
the  format  may  constitute  the  first  concrete  output  of  the  official  bodies  set  up  to  deal  with  the 
problem  of  GPS  standardization. 


FORMAL  BODIES  FOR  GPS  STANDARDIZATION 


Two  formal  bodies  are  concerned  with  GPS  coordination  and  standardization,  they  are  the  CGSIC 
Subcommittee  on  Time  and  the  CCDS  Group  on  GPS  Time  Transfer  Standards  [11]. 

The  Subcommittee  on  Time  of  the  Civil  GPS  Service  Interface  Committee  (CGSIC)  is  mainly  a 
forum  for  the  exchange  of  information  between  military  and  civilian  elements.  It  cannot  undertake 
formal  decisions.  On  the  one  hand,  the  Subcommittee  provides  up  to  date  information  to  the 
civil  timing  community  ,  as  presently  reports  on  progress  in  the  computation  of  precise  satellite 
ephemerides  and  their  availability.  On  the  other  hand,  it  promotes  the  needs  of  the  civil  community, 
especially  about  SA,  during  general  meetings  of  the  CGSIC. 

The  CCDS  Group  on  GPS  Time  Transfer  Standards  (CGGTTS)  operates  under  the  auspices  of 
the  permanent  Working  Group  on  TAI  of  the  Comite  Consultatif  pour  la  Definition  de  la  Seconde 
(CCDS).  This  Group  can  initiate  formal  procedures  as  the  CCDS  could  choose  to  submit  its  rec¬ 
ommendations  and  standards  to  the  approbation  of  the  Comite  International  des  Poids  et  Mesures 
(CIPM)  and  then  to  the  Conference  Generale  des  Poids  et  Mesures  (CGPM).  The  Group  on  GPS 
Time  Transfer  Standards  was  set  up  during  the  summer  of  1991.  Its  first  formal  meeting  was  held 
on  2  December  1991  during  the  23rd  PTTI  meeting  in  Pasadena,  California. 

The  CGSIC  Subcommitee  on  Time  and  the  CCDS  Group  on  GPS  Time  Transfer  Standards  are 
indispensable  and  are  complementary. 


CONCLUSIONS 


Accuracy  of  a  few  nanoseconds  in  GPS  time  transfer  is  now  possible  even  for  long-distance  links 
using  post-  processed  corrections.  Further  improvements  are  feasible  through  international  coordi¬ 
nation  and  standardization  of  receiver  hardware  and  software.  Joint  action  is  required  to  overcome 
the  SA  degradation  of  GPS  signals.  Two  complementary  formal  bodies  are  concerned  with  these 
matters,  the  CGSIC  Subcommitee  on  Time  and  the  CCDS  Group  on  GPS  Time  Transfer  Stan¬ 
dards.  At  the  end  of  1991,  the  prime  activities  of  these  two  committees  are,  respectively,  providing 
information  on  SA  to  the  civil  timing  community  and  initiating  a  widespread  debate  on  GPS  data 
format. 
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Figure  4.  Time  link  [UTC(OP)  -  UTC(NIST) J  computed  from  strict  common  views, 
4-a.  with  raw  GPS  data, 

4-b.  with  GPS  data  corrected  for  precise  ephemerides, 

4-c.  with  GPS  data  corrected  for  precise  ephemerides  and 
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Abstract 

The  Global  Positioning  System  Information  Center  (GPSIC)  was  created  to  provide  civil  users  of 
the  Global  Positioning  System  with  timefy  system  status  and  other  GPS  satellite  information.  The  GPSIC 
began  providing  basic  services  on  a  test  and  evaluation  basis  in  March  1990.  Since  then  we  have  improved 
these  services,  formalized  the  information  gathering  processes,  and  expanded  GPSIC  operations  to  meet 
GPS  user  needs. 

The  GPSIC  serves  as  a  central  point  of  contact for  civil  users  to  make  their  interests  and  needs  known 
to  the  system  operator,  the  Department  of  Defense  (DOD)  under  the  management  of  the  V.S.  Air  Force. 
The  GPSIC  provides  GPS  information  to  civil  users  through  Operational  Advisory  Broadcasts  (OAB) 
containing  GPS  peiformance  data.  The  OABs  are  disseminated  through  numerous  sources  including  24 
hour  access  to  a  voice  telephone  recording  and  a  computer  bulletin  board  system  (BBS).  The  GPSIC  staff 
also  responds  to  individual  user  inquiries,  comments,  or  concerns  about  civil  access  to  and  use  of  the  GPS 
during  normal  working  hours. 

This  paper  provides  an  overview  of  the  Civil  GPS  Service  as  well  as  the  details  of  the  type  of  informa¬ 
tion  and  services  that  are  available  through  the  GPSIC  and  how  they  can  be  obtained.  It  will  also  address 
the  future  expansion  of  GPSIC  responsibilities. 


THE  GLOBAL  POSITIONING  SYSTEM 
INFORMATION  CENTER 

The  mission  of  the  Global  Positioning  System  Information  Center  (GPSIC)  is  to; 

*  gather, 

*  process,  and 

*  disseminate 

'The  views  expressed  herein  are  those  of  the  author  and  are  not  to  be  construed  as  official  or  reflecting  the  views 
of  the  Commandant  or  of  the  U.S.  Coast  Guard. 
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timely  GPS  status  information  to  civil  users  of  the  global  positioning  satellite  navigation  system. 
Specifically,  the  functions  to  be  performed  by  the  GPSIC  include  the  following: 

*  Provide  the  Operational  Advisory  Broadcast  Service  (OAB) 

*  Answer  questions  by  telephone  or  written  correspondence 

*  Provide  information  to  the  public  on  the  GPSIC  services  available 

*  Provide  instruction  on  the  access  and  use  of  the  information  services  available 

*  Maintain  tutorial,  instructional  and  other  relevant  handbooks  and  material 
for  distribution  to  users 

*  Maintain  records  of  GPS  broadcast  information,  GPS  data  bases  or  relevant 
data  for  reference  purposes 

*  Maintain  data  bases  of  users  by  category,  receiver  manufacturers,  providers 
of  various  services  which  use  GPS,  and  other  information  sources 

*  Maintain  bibliography  of  GPS  publications 

*  Maintain  and  augment  the  computer  and  communications  equipment  as 
required 

*  Develop  new  user  services  as  required 


OVERVIEW  OF  THE  CIVIL  GPS  SERVICE  (CGS) 

In  1987,  the  Department  of  Defense  (DOD)  formally  requested  the  Department  of  Transportation 
(DOT)  assume  responsibibty  for  establishing  and  providing  an  office  that  would  respond  to  non- 
military  user  needs  for  GPS  information,  data,  and  assistance.  In  February  1989,  the  Coast  Guard 
assumed  the  responsibility  as  the  lead  agency  within  DOT  for  this  project.  Three  areas  requiring 
interaction  was  were  identified: 

*  Near  real-time  operational  status  reporting 

*  Distribution  of  the  precise  satellite  ephemerides 

*  Civil  use  of  the  precise  positioning  service 

In  1988,  the  U.S.  Space  Command  (USSPACECOM)  invited  the  U.S.  Coast  Guard  to  assist  in 
the  development  of  the  DOD  Operational  Capability  (OPSCAP)  reporting  system.  Since  that 
time,  the  U.S.  Coast  Guard  Radionavigation  Division  has  worked  with  USSPACECOM  to  develop 
requirements  and  implement  a  plan  to  provide  the  requested  interface  with  the  nonmilitary  GPS 
community.  Most  of  these  civil  GPS  services  are  now  in  place;  others  are  planned  to  be  ready  by 
the  time  GPS  is  fully  operational. 

As  the  Department  of  Transportation  (DOT)  operational  agency,  the  U.S.  Coast  Guard  is  respon¬ 
sible  for  the  oversight  and  management  of  the  Civil  GPS  Service.  The  function  is  implemented  by 
the  following  organizational  elements: 
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Chief,  Office  of  Navigation  Safety  and  Waterway  Services  (G-N),  located  at  Coast  Guard  Headquar¬ 
ters,  provides  top-level  oversight  and  management  of  the  CGS  program.  The  primary  responsibility 
is  the  provision  of  broad,  high-level  policy  guidance.  This  direction  is  provided  in  support  of; 

*  DOT  positions 

*  Congressional  mandates 

*  Federal  Radionavigation  policies 

This  office  is  the  focal  point  for  information  feedback  from  the  Civil  GPS  Service  Interface  Com¬ 
mittee.  Members  of  this  staff  interface  with  the  heads  of  other  Federal  agencies  with  an  interest  in 
the  Civil  GPS  Service  program. 

Chief,  Radionavigation  Division  (G-NRN),  also  located  at  Coast  Guard  Headquarters,  is  the  pro¬ 
gram  manager  responsible  for  the  activities  of  the  PPSPO  and  the  GPSIC  operations.  This  office 
assists  with  the  budgetary  planning  for  for  these  services. 

The  Civil  GPS  Service  consists  of  four  main  elements: 

GPS  Information  Center  (GPSIC)  is  the  operational  entity  of  the  CGS  which  provides  GPS  status 
information  to  civilian  users  of  the  Global  Positioning  System  based  on  input  from  the: 

*  GPS  control  segment 

*  Department  of  Defense  (DOD) 

*  Other  sources 

PPS  Program  Office  (PPSPO)  is  responsible  for  administering  the  program  which  will  allow  qual¬ 
ified  civil  users  to  have  access  to  the  Precise  Positioning  Service  (PPS)  signal.  This  program  office 
is  currently  under  development  in  the  Radionavigation  Division  of  the  Office  of  Navigation  Safety 
and  Waterways  Service  (G-NRN-2)  located  at  Coast  Guard  Headquarters  in  Washington,  D.C. 

Civil  GPS  Service  Interface  Committee  (CGSIC)  was  established  to  identify  civil  GPS  user  technical 
information  needs  in  support  of  the  Civil  GPS  Service  program.  Its  purpose  and  goal  is  of  an 
information  exchange  nature  only. 

Differential  GPS  (DGPS)  was  established  to  develop  an  extension  of  GPS  to  enhance  the  Standard 
Positioning  Service  for  civil  users  in  the  maritime  regions  of  the  United  States. 

The  DOT  Navigation  Council  and  the  DOT  Radionavigation  Working  Group  will  continue  in  their 
traditional  roles  in  the  oversight  of  navigation  including  radionavigation. 

Two  other  DOT  agencies  have  Civil  GPS  Service  functions: 

The  Federal  Aviation  Agency  (FAA)  handles  aviation  issues,  including  Notices  to  Airmen  (NO- 
TAM),  the  National  Aviation  Standard  for  GPS,  and  GPS  integrity  as  it  relates  to  aviation. 

The  Research  and  Special  Programs  Administration  (RSPA)  handles  intermodal  navigation  issues 
and  planning. 

Although  the  DOT  has  assumed  the  principal  oversight  and  management  responsibilities  for  the 
Civil  GPS  Service,  other  federal  agencies  will  play  a  role.  The  involvement  of  Federal  agencies, 
other  than  those  under  DOT,  will  be  particularly  appropriate  with  regard  to  users  outside  of  the 
navigation  community. 
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THE  GLOBAL  POSITIONING  SYSTEM 
INFORMATION  CENTER  (GPSIC) 

The  GPSIC  began  providing  basic  services  on  a  test  and  evaluation  basis  in  March  1990. 

Since  then,  the  GPSIC  has  improved  these  services,  formalized  the  information  gathering  processes 
and  expanded  GPSIC  operations  to  meet  GPS  user  needs. 

The  GPSIC  serves  as  a  central  point  of  contact  for  civil  users  to  make  their  interests  and  needs 
known  to  the  system  operator,  the  Department  of  Defense,  under  the  management  of  the  U.S.  Air 
Force. 

Operated  and  maintained  by  the  U.S.  Coast  Guard  for  the  Department  of  Transportation,  the 
GPSIC  is  a  branch  within  the  U.S.  Coast  Guard  Omega  Navigation  System  Center  (ONSCEN) 
located  in  Alexandria,  Virginia. 

The  development  of  the  GPSIC  is  evolving  as  an  extension  of  the  Coast  Guard’s  existing  involvement 
in  providing  information  on  worldwide  Radionavigation  systems.  The  GPSIC  will  continue  to  be 
responsive  to  the  needs  of  the  user  and  remain  flexible  in  its  implementation  plan  to  ensure  that 
the  user’s  needs  are  considered  when  implementing  new  services  or  changing  existing  ones. 

The  overall  implementation  effort  consists  of  three  phases: 

Phase  1  has  been  completed:  The  GPSIC  was  established  at  ONSCEN  and  began  operations  on  a 
test  and  evaluation  basis  in  March  1990. 

Phase  ll  will  coincide  with  the  completion  of  working  level  agreements  which  detail  the  information 
passing  responsibilities  between  ONSCEN  and  the  Master  Control  Station  (MCS).  We  expect  to 
realize  a  sharp  increase  in  users  as  the  number  of  satellites  increases.  In  anticipation  of  this,  the 
GPSIC  accomplished  the  following  tasks: 

*  Obtained  additional  personnel 

*  Produced  user  documentation 

*  Developed  and  implemented  the  GPS  Road  Show 

Phase  in  will  occur  when  DOD  declares  the  system  operational.  (Expected  in  1993,  refer  to  FRP 
for  details).  The  increase  in  the  number  of  saiellites  as  well  as  users  may  increase  the  amount  of 
available  information  and  demand  for  it.  If  these  major  increases  occur  and  we  realize  a  worldwide 
GPS  reference  network/interface,  the  GPSiC  may  implement  a  second  watch  position  in  order  to 
increase  the  hours  personnel  are  available  to  provide  real-time  information. 

The  GPSIC  is  currently  in  a  test  and  evaluation  phase  which  means: 

*  Some  services  are  not  on  line  yet 

*  Details  of  information  content  and  format  have  not  been  finalized 

*  Changes  may  be  made  without  prior  notice 

*  Operational  standards  have  not  yet  been  e.stablished  for  continuity  of  oper¬ 
ation,  and  allowab!'’  time  delays 

Users  of  GPS  are  also  cautioned  that  the  Global  Positioning  System  is  not  yet  fully  operational. 
Signal  availability  and  accuracy  are  subject  to  change  without  warning  due  to  an  incomplete  satellite 
constellation  and  operational  test  activities. 

In  general,  the  GPS  Information  Branch  personnel  are  responsible  for  the  day-to-day  operations  of 
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the  GPSIC.  This  includes  collecting  the  information  and  data  required  to  create  the  Operational 
Advisory  Broadcast  (OAB)  and  then  transforming  this  information  and  data  into  required  formats 
for  the  various  information  services  accessed  by  the  GPSIC.  The  GPSIC  branch  consists  of  the 
following  personnel: 

*  Branch  Chief 

*  Operations  Officer 

*  Navigation  Information  Specialist 

*  Telecommunications  Specialist 

*  Navigation  Information  Clerk 


GATHERING  GPS  INFORMATION 

A  Memorandum  of  Agreement  (MOA)  establishes  policies  and  procedures  for  the  exchange  of  GPS 
status  information  between  the  U.S.  Space  Command  (USSPACECOM)  and  the  Coast  Guard. 
This  agreement  addresses  lolative  roles  and  responsibilities  of  each  organization.  A  similar  MOA 
is  being  drafted  between  the  Air  Force  and  the  Coast  Guard. 

The  U.S.  Air  Force  Second  Satellite  Control  Squadron  (2SCS),  which  operates  the  GPS  Master 
Control  Station  (MCS)  in  Colorado  Springs,  provides  the  following  GPS  information  for  the  GPSIC: 

Notice  Advisory  to  NAVSTAR  Users  (NANU)  are  near  real-time  operational  status  capability 
reports.  NANUS  are  issued  to  notify  users  of  future,  current,  or  past  satellite  outages,  system 
adjustments,  or  any  condition  which  might  adversely  affect  users.  NANUS  are  generated  by  2SCS 
as  events  occur. 

GPS  Status  Message  contains  general  information  that  is  downloaded  daily  from  the  2SCS’s  bulletin 
board.  The  message  contains  information  about  the  satellite  orbit  (plane/.slot),  clocks,  and  current 
or  recent  NANUS.  Status  Messages  are  generated  by  2SCS  once  a  day  Monday  through  Friday. 

Almanacs  contain  the  orbital  information  and  clock  data  of  all  the  satellites.  The  almanac  for  all 
satellites  can  be  obtained  from  downloading  the  continuously  transmitted  data  stream  from  any 
satellite. 

In  addition  to  receiving  information  from  the  MCS,  the  GPSIC  works  with  representatives  of 
National  Geodetic  Survey  (NGS)  to  offer  NGS  computed  precise  GPS  orbit  data  to  the  public  via 
the  GPSIC  bulletin  board. 

NGS  provides  data  products  “SP3”  (in  ASCII  format)  and  “EF18”  (in  binary  format).  In  the  past 
NGS  distributed  this  information  to  some  users  on  diskettes  by  mail. 

Precise  ephemeris  data  describes  the  orbit  of  each  satellite  as  observed  by  numerous  ground  stations. 
It  is  useful  in  making  a  refined  determination  of  where  the  satellites  were  at  some  time  in  the  past. 
For  more  information  about  Precise  Ephemeris  Data  contact: 

National  Geodetic  Information  Branch  (N/CG174) 

Charting  and  Geodetic  Services 
National  Ocean  Service 

National  Oceanic  and  Atmospheric  Administration 
Rockville,  MD  208.52 
Telephone:  (301)  443-8631 
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Features  of  the  GPSIC  services  are  created  and  improved  in  response  to  suggestions  from  our 
users.  The  GPSIC  will  continue  to  work  with  GPS  organizations  to  ensure  the  continuation  and 
development  of  the  best  possible  user  services.  Specifically,  the  GPSIC  will: 

*  Maintain  liaison  with  other  U.S.  Government  agencies  as  necessary  to  sustain 
GPS  system  status,  technical  information  exchange  and  resource  availability 

*  Maintain  liaison  with  the  Civil  GPS  Interface  Committee  and  international 
civil  GPS  organizations  to  establish  the  requirements  for  GPS  information 
exchange. 


DISSEMINATING  GPS  INFORMATION 

The  GPSIC  sends  GPS  status  information  to  civil  users  through  Operational  Advisory  Broadcasts 
(OAB).  These  broadcasts  contain  the  following  general  categories  of  GPS  performance  data: 

*  Current  constellation  status 

*  Recent  outages 

*  Scheduled  outages 

*  Almanac  data 

The  Operational  Advisory  Broadcast  (OAB)  consists  of  textual  matter  containing  the  GPS  perfor¬ 
mance  data  listed  above.  Conditions  that  impair  the  GPS  for  navigational  purposes  receive  special 
attention  and  wide  distribution. 

The  Operational  Advisory  Broadcast  is  updated  by  the  GPSIC  staff  at  a  minimum  of  once  per  day 
Monday  through  Friday  except  Federal  Holidays.  OAB’s  are  updated  more  frequently  if  information 
on  changes  in  the  constellation  are  received  prior  to  4:00  p.m.  EST.  The  following  table  outlines 
the  update  schedule  for  sources  of  GPS  information  received  by  the  GPSIC: 


SOURCE 

UPDATE  SCHEDULE 

NANU 

The  GPS  staff  proces.ses  NANUS  received  during  GPSIC 
working  hours  as  soon  as  possible.  NANUS  received  after 
hours  or  on  weekends  are  processed  immediately  the  next 
normal  working  morning. 

STATUS 

MESSAGE 

The  GPSIC  watchstanders  access  this  information  at  1300 
EST  Monday  through  Friday  except  Federal  Holidays. 

ALMANAC 

The  almanac  is  distributed  once  a  week  or  when  changes  that 
appr^  ably  affect  system  coverage  occur. 

NGS 

NGS  p  'ides  the  precise  ephemeris  data  to  the  GPSIC  two 
weeks  auer  the  period  it  describes.  Data  will  be  updated 
weekly.  Data  sets  from  at  least  the  last  six  weeks  will  be 
posted  on  the  GPSIC  BBS. 

The  Operational  Advisory  Broadcast  is  disseminated  through  the  following  media: 
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*  GPSIC  Computer  Bulletin  Board  System  (BBS) 

*  GPSIC  24-Hour  Status  Recording 

*  WWV/WWVH  worldwide  high-frequency  radio  broadcasts 

*  Coast  Guard  Marine  Information  Broadcasts  (MIB) 

*  DMAHTC  Broadcast  Warnings 

*  DMAHTC  Weekly  Notice  to  Mariners 

*  DMA  Navigation  Information  Network  (NAVINFONET) 

*  NAVTEX  Data  Broadcast 

Some  of  these  services  have  limited  time  or  space  available  for  GPS  information.  The  following 
paragraphs  describe  each  service  and  the  GPS  information  available. 

GPSIC  BULLETIN  BOARD  SYSTEM  (BBS) 

The  GPSIC  Bulletin  Board  System  (BBS)  provides  information  in  data  format  via  telephone  mo¬ 
dem.  The  only  costs  associated  with  the  service  are  the  fees  charged  by  the  user’s  phone  company 
for  the  telephone  call. 

The  GPSIC  BBS  connection  information  is  contained  in  the  following  tabic: 


PHONE  NUMBER 

SPEED 

PROTOCOL 

MODEM 

(703)  866-3890 

300 

Bell  103 

Supra- 

1200 

C  .11  212A 

Modern 

2400 

CCITT  V.22bis 

2400 

(703)  866-3894 

1200 

CCITT  V.22bis 

Digicom 

CCITT  V.22 

Systems, 

Bell  212A 

Inc. 

2400 

CCITT  V.22bis 

9624 

4800 

CCITT  V.32 

9600 

CCITT  V.32 

The  main  body  of  information  within  the  bulletin  board  is  contained  in  Subject  Information  Groups 
(SIGS).  These  are  a  collection  of  bulletins,  some  of  w’hich  have  attached  files.  T'^ey  contain  all  of 
the  GPSIC’s  information  about  GPS.  The  following  table  provides  a  description  of  the  SIGS: 
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SIG 

DESCRIPTION 

HELLO 

Short  introduction  to  the  SIGS,  Plus  background  and  mis¬ 
cellaneous  information,  CGSIC  announcements,  Road  Show 
schedule. 

SUMMARY 

Summaries  of  recent  events,  outages. 

NANU 

Notice  Advisory  to  NAVSTAR  Users  messages.  30  most  re¬ 
cent  NANUS  messages  maintained  on  BBS. 

ALMANAC 

Data  describing  the  orbit  of  each  satellite.  Previous  3  months 
data  maintained  on  BBS. 

SEM 

Almanacs  formatted  for  use  by  the  System  Effectiveness 
Model  (SEM)  software  V  3.5. 

STATUS 

Contains  excerpts  from  Operational  Control’s  stsua  message. 

OMEGA 

U.S.  Coast  Guard  weekly  status  summaries  for  the  Omega 
radio- navigation  system.  (An  independent  system,  not  part 
of  GPS.) 

NGS 

Precise  ephemeris  data  from  NGS.  Contains  8  day  segments. 

The  size  of  the  GPSIC  data  files  are  as  follows: 


* 

NANU  (batch  of  10) 

7K 

♦ 

NANU  (single)  (estimated) 

IK 

* 

Status  Message 

2K 

♦ 

Almanac  (16  satellites) 

lOK 

Almanac  (24  satellites) 

1.5K 

* 

SEM  Almanac  (16  satellites) 

4K 

* 

SEM  Almanac  (24  satellites) 

6K 

* 

Precise  Ephemeris  SP2 

274  K 

♦ 

Precise  Ephemeris  SP3 

371K 

* 

Precise  Ephemeris  EF13 

80K 

♦ 

Precise  Ephemeris  EF18 

11  OK 

The  GPSIC  BBS  has  8  incoming  phone  lines  with  the  capability  to  expand  up  to  64.  The  BBS 
is  also  accessible  via  SprintNet.  SprintNet  is  a  major  public  data  network  (X.25)  which  enables 
high-speed,  error-free  data  transfer  to  most  major  cities  within  the  United  States  and  a  number  of 
locations  abroad.  The  GPSIC  BBS  net  address  is:  202  1328. 

In  order  to  use  SprintNet,  an  account  must  be  established  with  Sprint.  This  involves  a  connection 
charge  and  monthly  billing  for  the  service.  To  obtain  more  information  about  setting  up  an  account: 

Telephone:  U.S.  (800)  736-11.30 

International  (913)  541-6876 

An  account  with  a  similar  network  may  be  able  to  “gateway”  over  to  SprintNet  and  access  the 
GPSIC  BBS  without  establishing  an  account  with  Sprint.  Consult  your  network  representative 
about  how  to  use  the  gateway  and  resulting  billing.  The  more  complete  gateway  net  address  is: 
311020201.328. 

Users  may  connect  with  the  GPSIC  BBS  using  the  U.S.  domestic  telephone  network  or  any  other 
dial-up  voice  grade  telephone  system  that  interfaces  with  it.  To  connect  with  the  GPSIC  BBS, 
users  need; 
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*  Personal  computer 

*  Modem 

*  Communications  software  package 

The  GPSIC  BBS  can  accommodate  baud  rates  from  300  to  bits  per  second  (bps).  The  user  has 
the  option  of  a  modem  rate  setting  of  300,  1200,  2400,  4800  or  9600  bps.  Regardless  of  the  baud 
rate  selected,  the  modem  should  be  configured  as  follows; 

*  Asynchronous  communications 

*  8  data  bits 

*  1  stop  bit 

*  No  parity 

*  Full  duplex 

First  time  bulletin  board  users  can  register  on  line.  Users  must  provide  their  names  and  addresses 
and  establish  a  user  ID  and  password.  The  BBS  also  has  a  Page  System  Operator  (SysOp)  function 
which  allows  the  user  to  page  the  system  operator  for  on  line  assistance  during  normal  working 
hours. 

GPSIC  24-HOUR  GPS  STATUS  RECORDING 

The  24-hour  status  recording  provides  information  in  voice  format.  The  amount  of  information  is 
strictly  limited  since  the  maximum  tape  length  is  92  seconds  long. 

The  telephone  number  for  the  status  recording  is: 

(703)  866-3826 

The  following  information  is  available  on  the  24-hour  status  recording  depending  on  the  space 
available.  The  information  is  prioritized  as  listed  below: 

*  Cautionary 

*  Current  system  status 

*  Forecast  outages 

*  Historical  outages 

*  Other  changes  in  the  GPS 

OTHER  DISTRIBUTION  MEDIA 

GPS  information  available  from  each  of  these  additional  sources  is  prepared  and  assembled  at  the 
GPSIC.  These  sources  were  chosen  because  they  were  already  established  to  provide  other  types  of 
information.  Most  of  these  service  are  already  used  by  a  portion  of  the  GPS  user  community,  pri¬ 
marily  marine  navigators.  These  services  offer  significant  advantages  in  coverage  and  accessibility. 
The  following  section  provides: 

*  Description  of  each  information  source 

*  Type  of  GPS  information  available 

*  How  the  user  can  obtain  the  GPS  information 

WWV/WWVH:  Since  1923,  the  National  Institute  of  Standards  and  Tc'-hiiology  (NIST),  formerly 
National  Bureau  of  Standards,  has  provided  a  highly  accurate  time  service  to  the  national  and 
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international  time  and  frequency  community.  NIST  currently  broadcasts  continuous  signals  from 
its  high  frequency  radio  stations.  Services  provided  by  WWV/WVVVll  include: 

*  Time  announcements 

*  Standard  time  intervals 

*  Standard  frequencies 

*  Geophysical  alerts 

*  Marine  storm  warnings 

*  Omega  Navigation  System  status  reports 

*  Universal  Time  Coordinated  (UTC)  time  corrections 

*  BCD  time  code 

*  GPS  information 

GPS  information  is  broadcast  in  voice  on  WVVV/WWVH  at  the  following  times  and  frequencies: 


STATION 

LOCATION 

FREQUENCY 

TIME 

WWV 

Fort  Collins, 
Colorado 

2..5,  5,  10 

15,  20  MHz 

Minutes 

14  and  15 

WWVH 

Kauai, 

Hawaii 

2.5,  5,  10 

15  MHz 

Minutes 

43  and  44 

The  time  for  the  VVWV/WWVH  GPS  broadcast  is  strictly  limited.  Depending  on  the  space  avail¬ 
able  the  GPS  information  is  prioritized  as  listed  below: 

*  Cautionary 

*  GPSIC  operating  hours  and  phone  number 

*  Current  system  status 

*  Forecast  outages 

*  Other  changes  in  GPS  Status 

USCG  AND  DMA  MIB:  USCG  Marine  Information  Broadcasts  and  DMA  Broadcast  Warnings  are 
methods  by  which  important  maritime  navigation  information  is  disseminated  in  the  most  expedient 
manner.  This  system  covers  a  variety  of  topics  of  interest  to  mariners  including: 

*  Status  of  navigation  aids 

*  Weather 

*  Search  and  Rescue  (SAR)  operations 

*  Military  exercises 

*  Marine  obstructions 

*  Ice  reports 

*  Changes  in  channel  conditions 

*  Important  bridge  information 

Within  the  United  States,  the  U.S.  Coast  Guard  and  the  Defense  Mapping  Agency  Hydrographic- 
Topographic  Center  (DMAHTC)  are  responsible  for  broadcasting  navigation  information  described 
above.  Each  agency  has  a  particular  geographic  area  of  responsibility: 
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AGENCY 

USCG 


DMAHTC 


AREA  OF  RESPONSIBILITY _ 

Local  and  coastal  navigation  information  broadcasts  from  sources  within  the 
U.S  and  its  possessions. 

Long-range  navigation  broadcasts  from  countries  within  the  NAVAREA  IV 


and  NAVAREA  XII. 


NAVAREA IV 

Covers  the  Atalntic  coast  eastward 
to  35  degrees  W. 

NAVAREA  XII 

- - - 1 

Covers  the  Pacific  coast  westward 
to  172  degrees  E. 

The  Coast  Guard  provides  vital  maritime  information  in  voice  format  via  an  established  system  of 
VHF  and  HF  radio  broadcasts.  These  Marine  Information  Broadcasts  (MIB)  include  the  following 
types  of  messages: 

Urgent  Messages  concern  the  safety  of  a  person,  ship,  aircraft  or  other  vehicle. 

Safety  Messages  contain  important  navigational  or  meteorological  warnings  that  cannot  be  delayed 
because  of  hazardous  conditions. 

Scheduled  Broadcasts  include; 

*  Notice  to  Mariners  (NTM) 

*  Hydrographic  information 

*  Storm  warnings 

*  Advisories 

*  Other  important  marine  information 

*  Safety  and  urgent  messages  which  remain  in  effect 

Cancellation  Messages  are  sent  by  the  originator  to  cancel  previous  broadcast  when  action  is  no 
longer  necessary. 

USCG  Marine  Information  Broadcasts  are  issued  via  voice  and  continuous  wave  (CW)  transmis¬ 
sions.  The  following  table  outlines  the  MIB  frequencies: 


STATION 

COVERAGE 

VHF-FM 
Cha  16 

Ch  22A 

Information  that  applies  to  inland 
waters  seaward  to  25  nautical 
miles. 

MF 

2182  kHz 
2670  kHz 

Duplicate  VHF-FM  broadcasts  and 
additionally  covers  waters  out  to 

200  nautical  miles. 

HF-CW 

500kHz 

Info  that  applies  for  waters  from 
the  coastline  to  200  nautical 

miles. 

Broadcasts  are  scheduled  .several  times  a  day  depending  on  the  location  of  the  broadcasting  site. 
Stations  designated  to  make  regularly  scheduled  broadcasts  are  listed  in  the  Coast  Guard  Radio 
Frequency  Plan.  The  length  of  messages  broadca.st  is  kept  to  a  minimum. 
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DMAHTC  is  responsible  for  broadcasting  navigation  information  concerning  the  "high  seas”  Infor¬ 
mation  is  provided  in  message  format  via  an  established  system  of  message  dissemination.  DMA 
broadcasts  are  known  as  NAV.'XRE.A,  HYDROLA.N'T,  or  in'DROPAC  and  are  generally  geared  to 
the  deep  draft  mariner. 

DMAHTC  also  publishes  a  weekly  Notice  to  Mariners  (NTM)  containing  USCG  Marine  Information 
Broadcasts  and  DMA  Broadcast  Warnings  for  a  seven  day  period. 

GPS  status  information  is  found  in  Section  III  of  the  Notice  to  Mariners,  which  summanzes  voice 
or  data  broadcast  warnings. 

Additional  information  on  the  DMA  Notice  to  Mariners  Information  is  available  from: 

Director,  Defense  Mapping  Agency 
Hydrographic/Topographic  Center 
Attention:  MCNM 
6500  Brokes  Lane 
Washington,  DC  20315-0030 
Telephone:  (301)  227-3126 

DMA  NAVINFONET:  In  carrying  out  its  mission  to  produce  Notices  to  Mariners,  DMA  has  devel¬ 
oped  a  data  base  called  Automated  Notice  to  Mariners  System  (.WMS).  This  data  base  contains 
information  dealing  with  navigational  safety.  It  is  a  supplemental  source  of  up-to-date  maritime 
information  for  the  user.  The  software  developed  for  this  data  base  provides  remote  query  ca¬ 
pabilities  which  DMA  makes  available  to  the  entire  maritime  community  through  the  Navigation 
Information  Network  (NAVINFONET).  NAVINFONET  provides  information  in  data  format  via 
telephone  modem.  Information  includes: 

*  Chart  Corrections 

*  Broadcast  Warnings 

*  MARAD  Advisories 

*  DMA  List  of  Lights 

*  Anti-Shipping  Activities  Messages 

*  Oil  Drill  Rig  locations 

*  Corrections  to  DMA  Hydrographic  Product  Catalogs 

*  U.S.  Coast  Guard  Light  Lists  &  GPS 

The  following  GPS  information  is  available  from  the  DMA  NAVINFONET  under  item  8  in  the 
bulletin  board  menu: 

*  Cautionary 

*  Current  system  status 

*  Forecast  outages 

*  Historical  outages 

*  Almanac  data 

*  Civil  GPS  Service  information 

Users  must  register  for  the  NAVINFONET  bulletin  board  off-line  before  they  will  be  granted  access 
to  the  system.  For  a  user  ID  and  information  book  contact  DM,4  at  the  address  listed  above: 

Attention :  MCN/N AVIN FON ET 
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Telephone:  (301)  227-3296 

NAVTEX:  NAVTEX  is  a  an  internationally  adopted  radio  telex  system  used  to  broadcast  marine 
navigational  warnings  and  other  safety  related  information  to  ships.  This  system  assures  world¬ 
wide  coverage  by  transmitting  on  an  international  frequency  of  518  KHz.  V'essels’  N.WTEX  re¬ 
ceiver/teleprinters  are  permanently  tuned  to  the  worldwide  frequency  and  remain  on  standby  to 
receive  and  print  out  all  the  messages  automatically.  Navigation  information  broadcasted  through 
NAVTEX  includes: 

*  Notices  to  mariners 

*  Weather  warnings  and  forecasts 

*  Ice  warnings 

*  Other  marine  information 

Coast  Guard  Atlantic  and  Pacific  Area  Commanders  coordinate  NAVTEX  broadcasts  transmitted 
by  all  Coast  Guard  Communications.  NAVTEX  messages  are  normally  broadcasted  four  times  a 
day  which  may  be  increased  to  six  broadcasts  with  a  maximum  duration  of  -10  minutes. 

NAVTEX  messages  are  categorized  by  subject  area.  GPS  status  messages  are  currently  available 
in  NAVTEX  category  "K”;  Other  Electronic  Navaid  System  messages.  GPS  information  available 
from  NAVTEX  includes  the  following: 

*  Cautionary 

*  Current  system  status 

*  Forecast  outages 

*  Other  changes  in  GPS  Status 

ADDITIONAL  GPSIC  SERVICES 

The  GPSIC  publishes  documents  which  provide  detailed  information  about  GPS,  other  radionavi¬ 
gation  systems,  the  GPS  Information  Center  and  how  to  obtain  these  services.  The  following  table 
describes  the  GPSIC  publications  available: 


PUBLICATION 

DESCRIPTION 

GPSIC 

BROCHURE 

Describes  information  services 
provided  by  the  GPSIC 

GPSIC 

USERS' 

MANUAL 

Provides  detailed  instruction 
on  the  access  and  use  of  the 
services  available  at  the  GPSIC 

GPS/RA 

POSICARDS 

Lists  publications  available  on 
a  self  addressed  postcard 

GPS 

FACTS  & 
FIGURES 

Describes  the  system,  its 
concept,  accuraccies  and 
applications 

OMEGA  FACTS 
&  FIGURES 

Describes  the  Omega 
radionavigation  system 

LORAN-C 

FACTS  k  FIG 

Describes  LORAN-C 

RADIOBEACON 
Facts  ,V  FTG 

Describes  Radiobeacons. 
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The  GPSIC  distributes  documents  provided  by  other  GPS  interested  organizations.  The  following 
table  describes  other  GPS  publications  available  through  the  GPSIC: 


PUBLICATION 

PUBLISHER 

DESCRIPTION 

NAVSTAR  GPS 

USER  EQUIPMENT 

JPO 

Describes  the  system,  equipment 
applications  &  capabilities 

GPS  NAVSTAR 
OVERVIEW 

JPO 

Provides  general  information 
about  GPS 

GPS  A  GUIDE 

TO  THE  NEXT 
UTILITY 

Trimble 

Navigation 

Describes  what  GPS  is 
and  how  it  works 

The  GPSIC  no  longer  distributes  copies  of  the  lCD-200.  The  revised  Public  Release  Version  of  this 
document  is  available  through  the  GPS  Joint  Program  Office.  For  more  information  contact: 

CDR  Dennis  McLean,  USCG 
Space  Division  MZT 
PO  Box  92960  WPC 
Los  Angeles,  CA  90009-2960 
Phone:  (213)  363-0354 
Fax:  (213)  363-2930 


In  an  effort  to  make  the  public  aware  of  the  services  offered  by  the  GPSIC,  the  GPSIC  sets  up 
a  GPS  display  at  trade  shows  throughout  the  United  States.  The  display  includes  a  model  of  a 
satellite  and  rocket  loaned  by  GE  Astrospace  and  McDonnell  Douglas  respectively.  The  GPSIC 
staff  distributes  brochures  and  answers  questions  about  GPS  in  order  to  educate  users  about  the 
system. 

The  GPSIC  responds  to  individual  user  inquiries,  comments,  and  concerns  about  civil  access  to, 
and  use  of  the  GPS.  The  GPSIC  fields  requests  for  information  Monday  though  Friday  from  8:00 
a.m.  to  4:00  p.m.  Eastern  Standard  Time.  Most  inquiries  can  be  answered  immediately  over  the 
phone.  Some  technical  questions  or  requests  are  referred  to  a  more  authoritative  source. 

If  you  would  like  to  comment  on  any  of  these  services  or  ask  questions  about  present  or  future 
services  write  to: 

Commanding  Officer  (GPSIC) 

US  Coast  Guard  Omega  Navigation  System  Center 
7323  Telegraph  Road 
Alexandria,  Virginia  22310-3998 
Or  call  (703)  866-3806 


A)  answering  machine  records  messages  after  working  hours.  Messages  are  normally  returned  the 
following  workday. 
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FUTURE  PLANS  FOR  GPSIC 


The  Coast  Guard  plans  to  evaluate  the  possibility  of  expanding  the  GPS  Information  Center  into  a 
Radionavigation  or  Navigation  Information  Center.  As  such,  the  Information  Center  would  provide 
navigation  information  on  all  navigation  systems  involving  the  Coast  Guard  both  nationaily  and 
internationally. 

Information  concerning  other  radionavigation  systems  the  Coast  Guard  is  involved  with  would  be 
posted  on  the  BBS.  As  a  first  step  in  this  direction,  the  GPSIC  currently  provides  the  Omega 
weekly  status  message  on  the  BBS. 

DIFFERENTIAL  GPS  (DGPS) 

Consistent  with  its  role  as  the  civil  interface  for  GPS,  the  U.S.  Coast  Guard  has  a  research  and 
development  project  to  develop  an  extension  of  GPS,  known  as  differential  GPS  (DGPS).  This  is 
an  enhancement  to  the  Standard  Positioning  Service  which  should  achieve  accuracies  of  10  meters 
or  better  for  civil  users  in  the  maritime  regions  of  the  United  States. 

Based  on  encouraging  results  of  operational  testing  of  a  prototype  reference  station,  a  project  has 
been  initiated  to  implement  DGPS  in  U.S.  near-coastal  areas  to  improve  upon  current  harbor  and 
harbor- approach  navigation  accuracy.  Project  plans  are  being  formulated.  Additional  prototypes 
began  operation  during  September/October  1991.  If  fully  funded,  an  operational  system  is  expected 
by  the  end  of  1995. 

For  additional  information  on  DGPS,  contact: 

Commandant  (G-NRN) 

U.S.  Coast  Guard 
2100  2nd  Street,  S.W. 

Washington,  DC  20593 
Telepnone:  (202)  267-0283 
Fax:  (202)  267-4427 


PRECISE  POSITIONING  SERVICE 
PROGRAM  OFFICE  (PPSPO) 

The  Precise  Positioning  Service  Program  Office  (PPSPO)  will  administer  civil  applications  and 
collect  fees  foi  access  to  encoded  PPS  capabilities. 

The  Government  vill  publish  detailed  guidance  for  users  interested  in  requesting  access  to  PPSPO 
once  policy  is  established  for  the  following: 

*  Submitting  applications 

*  Granting  approval  for  user  access 

*  Establishing  operational  procedures  and  compliance  requirements  for  accessing  data  from 
the  GPS  PPS 

The  Federal  Radionavigation  Plan  (FRP)  contains  general  criteria  for  qualified  civil  use  of  PPS. 
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Access  determination  will  be  made  on  a  case  by  ca^e  basis.  The  following  criteria  may  be  refined 
as  Government  policy  is  developed: 

*  Access  is  in  the  U.S.  national  interest 

*  Security  requirements  can  be  met 

*  There  are  no  other  means  reasonably  available  to  the  civil 
user  to  obtain  a  capability  equivalent  to  that  provided  by  the 
GPS  PPS 

For  additional  information  on  the  PPSPO,  contact  Commandant  (G-NRN)  at  the  address  listed 
above  or  call: 

Telephone:  (202)  267-0298 


CIVIL  GPS  SERVICE  INTERFACE  COMMITTEE  (CGSIC) 

The  roles  of  the  Civil  GPS  Service  Interface  Committee  (CGSIC)  are  to: 

*  Provide  a  forum  for  exchanging  technical  information  in  the 
civil  GPS  user  community  regarding  GPS  information  needs 

*  Identify  types  of  information  and  methods  of  distribution  to 
the  civil  GPS  user  community 

*  Identify  any  issues  that  may  need  resolution  by  the  CGS  pro¬ 
gram  office 

The  CGSIC  will  work  with  the  following  organizations: 

*  U.S.  Coast  Guard  Office  of  Navigation  Safety  and  Waterway 
Se-vices  (Civil  GPS  Program  Office) 

*  DOT  Navigation  Working  Group 

*  Joint  DOD/DOT  Radionavigation  Working  Group 

The  Civil  GPS  Service  Interface  Committee  is  comprised  of  representatives  from  relevant  private, 
government,  and  industry  user  groups,  both  U.S.  and  international. 

The  CGSIC  consists  of: 

*  General  Committee 

*  Five  Subcommittees 

The  Committee  is  jointly  chaired  by  the  U.S.  Coast  Guard  and  the  DOT  Research  and  Special 
Programs  Administration  (RSPA).  The  joint  chair  is  based  on  the  USCG  being  DOT’s  lead  agency 
for  the  civil  GPS  service  which  includes  the  government’s  interface  with  civil  GPS  users,  and  RSPA’s 
responsibility  to  coordinate  intermodal  navigation  planning  with  DOD. 

The  Civil  GPS  Service  Interface  Committee  may  create  subcommittees  to  identify  specific  areas 
of  civil  GPS  user  information  needs  and  facilitate  technical  information  exchange  as  required. 
Standing  subcommittees  have  been  established  for: 
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*  Surveying  and  Positioning  Infonuation 

*  Timing  Information 

*  International  Information 

*  Reference  Station,  Technology,  and  Applications 

*  Real-time  Carrier  Phase  Applications 

The  International  Information  Subcommittee  (IISC)  of  the  Civil  GPS  Service  Interface  Committee 
is  investigating  the  feasibility  of  a  regional  international  information  media.  The  GPSIC  would 
provide  the  OAB  into  an  electronic  mailbox  designated,  controlled,  and  financed  by  the  IISC. 

The  Civil  GPS  Service  Interface  Committee  meets  as  necessary  to  exchange  technical  information 
regarding  civil  GPS  information  needs. 

For  additional  information  on  the  CGSIC,  contact: 

Volpe  National  Transportation  Systems  Center  (VNTSC) 

55  Kendall  Square 
Cambridge,  MA  02142-1093 
Telephone:  (617)  494-2432 
Fax:  (617)  494-2628 


FEDERAL  RADIONAVIGATION  PLAN  (FRP) 

The  Federal  Radionavigation  Plan  contains  the  official  statement  of  government  policy  on  civil  use 
of  GPS.  This  plan  covers  other  government  operated  radionavigation  systems  in  addition  to  GPS. 
Information  provided  includes: 

*  Policy  and  plans  for  the  future  radionavigation  systems  mix 

*  GPS  System  description 

*  Table  of  SPS  and  PPS  signal  characteristics 

*  Various  other  topics 

In  order  to  obtain  the  user’s  perspective  on  Federal  policies  and  future  plans  for  U.S.  Government 
provided  radionavigation  systems,  the  DOT  conducts  open  meetings  for  all  interested  persons. 
Users  are  encouraged  to  attend  FRP  conferences  to  provide  inputs  for  the  1992  edition.  FRP  Con¬ 
ferences  are  scheduled  for  Alexandria,  Virginia  in  November  and  Seattle,  Washington  in  December. 
For  more  information  on  these  conferences,  contact:  Volpe  National  Transportation  Systems  Center 
(VNTSC)  at  the  address  listed  above  attention: 

Conference  Office  (DTS-930) 

Telephone:  (617)  494-2307 

Navigation  systems  that  will  be  discussed  at  these  conferences  include: 
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*  Loran-C 

*  Omega 

*  Transit 

*  Radiobeacons 

*  VOR/DME 

*  MLS/ILS 

*  GPS 
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THE  GPSIC  QUICK  REFERENCE  OAB  DISTRIBUTION 

The  GPS  Information  Center  provides  the  Operational  Advisory  Broadcasts  through  the  following 
services: 


SERVICE 

AVAILABILITY 

INFO  TYPE 

CONTACT  NUMBER 

GYPSIC  WATCHSTANDER 

8AM-4PM  Monday 

USER  INQUIRIES 

(703)  866-3806 

WATCH- 

through  Friday 

FAX  (713)866-3825 

STANDER 

GYPSIC 

24  hours 

STATUS 

(703)  866-3890 

COMPUTER 

FORE/HIST 

300-2400  BAUD 

BULLETIN 

OUTAGES 

(703)  866-3894 

BOARD 

NGS  DATA 

UP  TO  9600  BAUD 

SERVICE 

OMEGA/FRP 

Sprintnet  (x.25) 

MISC  INFO 

202-1328 

GYPSIC 

24  hours 

STATUS 

(703)  866-3826 

VOICE  TAPE 

FORECASTS 

RECORDING 

HISTORIC 

WWV 

Minutes 

STATUS 

2.5,  5,  10,  15 

14  k  15 

FORECASTS 

and  20  MHz 

WWVH 

Minutes 

STATUS 

2.5,  5,  10 

43  k  44 

FORECASTS 

15  MHz 

USCG  MIB 

When 

STATUS 

VHF  Radio, 

MIB 

broadcasted 

FORECASTS 

marine  band 

DMA  BROADCAST  WARNINGS 

When 

STATUS 

BROADCAST 

broadcasted 

FORECASTS 

WARNINGS 

OUTAGES 

DMA 

Published 

STATUS 

(301)  227-3126 

WEEKLY 

k 

FORECASTS 

NOTICE  TO 

mailed 

OUTAGES 

MARINERS 

weekly 

DMA 

24  hours 

STATUS 

(301)  227-3351 

NAVINFONET 

FORECASTS 

300  BAUD 

AUTOMATED 

HISTORIC 

(301)  227-5925 

NOTICE  TO 

ALMANACS 

1200  BAUD 

MARINERS 

(301)  227-4360 

SYSTEM 

2400  BAUD 

FOR  MORE 

INFO  CALL 

(301)  227-3296 

NAVTEX 

When  ! 

STATUS 

518  kHz 

DATA 

broadc€isted 

FORECAST 

BROADCAST 

4-6  times/day 

OUTAGES 
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Evaluation  of  GPS/UTC  Steering  Performance 


W.  A,  Feess,  H.  Holtz,  A.  L.  Satin,  C.  H.  Yinger 
The  Aerospace  Corporation,  El  Segundo,  CA 


Abstract 

The  Global  Positioning  System  ( GPS )  is  required  to  maintain  GPS  time  toUTCtoan  accuracy  of  one 
microsecond  and  broadcast  to  the  user  the  offset  between  GPS  andUTCtoan  accuracy  of  1 00  nanoseconds 
(1  sigma).  On  June  25, 1990,  an  automatic  steering  a^orithm  was  implemented  to  control  GPS  time  to 
synchronize  it  with  UTC.  The  description  of  the  steering  laws  and  predicted  performance  results  were 
presented  at  the  1989  PTTI  conference,  while  preliminary  performance  results  were  presented  at  the  1990 
PTTI  confererux.  The  initial  performance  was  rwt  as  predicted,  resulting  in  an  in-depth  analysis  of  the 
observed  performance  and  a  rrwre  thorough  sensitivity  analysis.  In  addition,  responses  to  anomalies  were 
investigated.  This  paper  will  describe  these  armfyses  and  results,  and  evaluate  actual  steering  performance 
from  June  1990  to  November  1991.  Athough  anomaUes  were  observed  during  the  initial  phase  of steering, 
recent  experierue  is  more  in  line  with  expectations. 


1.0  Introduction 

The  Global  Positioning  System  (GPS)  is  a  Department  of  Defense  space-based  navigation  and 
time  dissemination  system.  When  fully  deployed  it  will  consist  of  a  constellation  of  21  operational 
satellites  (Blk  II/IIA)  plus  three  active  spares.  The  current  constellation  consists  of  nine  Blk  II 
and  two  Blk  IIA  satellites.  In  addition,  five  Blk  1  development  satellites  are  still  functioning. 

As  a  navigation  system,  each  satellite  is  required  to  deliver  to  a  user  a  timing  signal  and  information 
relative  to  the  satellite  vehicle  (SV)  position  and  time  offset  with  respect  to  system  time  (GPS  time) 
to  an  accuracy  of  six  meters  (20  nanoseconds)  one  sigma.  Given  this  accuracy  of  time  signals  to 
four  SV’s  with  appropriate  geometry,  an  authorized  dual  frequency  user  can  navigate  in  three 
dimensions  to  an  accuracy  of  16  m  SEP.  A  user  who  knows  his  location  in  the  reference  coordinate 
system  of  GPS  (WGS84),  can  synchronize  his  time  to  GPS  time.  The  accuracy  of  this  time  transfer 
is  al  dependent  on  the  user’s  ability  to  remove  propagation  effects  (ionospheric  and  tropospheric) 
and  when  applicable  the  effects  of  selective  availability  (SA). 

GPS  is  also  required  to  .synchronize  GPS  time  to  Universal  Coordinated  Time  (UTC)  maintained 
by  the  U.S.  Naval  Observatory  (USNO)  and  to  broadcast  to  the  user  the  time  difference  between 
these  two  timing  systems.  The  requirement  is  to  synchronize  to  one  microsecond  (1000  ns)  and  to 
broadcast  the  difference  to  an  accuracy  of  100  nanoseconds  (one  sigma).  This  paper  evaluates  the 
performance  of  these  functions. 
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2.0  Steering  Performance 

To  meet  these  requirements,  USNO  is  equipped  with  GPS  receivers  to  monitor  GPS  time  and 
the  broadcasted  GPS-UTC  time  difference.  Reference  1  describes  in  detail  the  equipment  and 
tracking  schedules  used  to  perform  these  function^;  Tim  data  collected  is  processed  by  USNO  and 
available  for  transmission  to  the  Operational  Control  Segment  (OCS)  daily  via  secure  telephone 
lines.  The  OCS  operates  with  this  data  to  control  GPS  time.  This  operation  is  pictorially  and 
schematically  presented  in  Figure  1.  Early  in  the  program,  the  control  was  manual  in  that  the 
operator  would  observe  the  time  history  of  the  timing  difference  and  periodically  effect  a  magnitude 
and  time  duration  command  to  steer  the  GPS  time  offset  towards  zero.  The  command  is  a  frequency 
drift  command  (second  derivative  of  time)  whose  magnitude  is  limited.  The  limit  was  set  to 
protect  the  navigation  user  in  the  event  the  OCS  was  rendered  inoperable  due  to  hostile  or  natural 
causes.  More  recently  (June  of  1990)  steering  was  automated  to  ease  the  operator  function  and  to 
improve  performance.  Several  control  laws  were  considered  for  automation  of  the  control  function. 
Reference  2  described  and  analyzed  these  control  laws,  and  presented  predicted  performance.  In 
addition  to  steering,  the  GPS  time  reference  was  changed  from  a  GPS  master  clock  to  a  GPS  clock 
ensemble  configuration  (composite  clock).  Reference  3  presented  the  preliminary  performance  of 
these  changes  after  initial  turn  on.  To  put  steering  performance  in  prospective.  Figure  2  shows  the 
time  history  over  the  past  five  years. 

The  steering  law  implemented  is  that  designed  by  the  Control  Segment  contractor  (IBM)  which 
is  described  in  Reference  2.  It  is  a  three  state  controller,  i.e.,  plus,  minus  or  zero  command.  The 
command  rate  is  the  limiter  value  of  2E— 19  s/s^  (ss  1.5  ns/day^).  The  anticipated  steady  state 
performance  after  initial  transients  have  subsided  was  10  ns  one  sigma  (Reference  2).  Automatic 
steering  was  initiated  June  25,  1990  (MJD=48067).  Figure  3  presents  the  GPS/UTC  time  difference 
and  steering  command  from  turn  on  to  November  1,  1991  (48561).  The  initial  overshoot  was 
expected,  however  the  large  undershoot  was  much  larger  than  expected  and  the  magnitude  of  the 
second  overshoot  was  not  anticipated  at  all.  Concern  was  raised  with  the  initial  undershoot  and 
analyses  were  initiated  after  the  second  overshoot.  Automatic  steering  was  turned  off  for  9  days 
following  the  initial  undershoot  (48120  to  48129)  and  turned  off  from  48160  to  the  end  of  1990 
(MJD  48256).  Occasional  manual  steers  were  introduced  during  this  later  period. 

The  observed  performance  was  of  particular  concern  to  us,  because  the  concepts  for  steering  here 
are  being  applied  to  a  more  difficult  task  for  the  Blk  IIR  SV’s  currently  being  designed.  The  task 
there  will  be  to  synchronize  two  GPS  clock  ensembles,  the  Blk  HR  SVs  ensemble  operating  in  their 
autonomous  navigation  mode  and  the  current  OCS  clock  ensemble  of  all  SV’s  and  monitor  stations. 
The  GPS/UTC  synchronization  will  also  be  required. 

To  investigate  the  situation,  a  set  of  OCS  filter  data  covering  the  first  22  days  of  October,  1990 
(MJD  48165  to  48187)  were  obtained  and  analyzed.  At  this  point  in  time,  it  was  not  known 
whether  the  problem  e.xisted  with  the  steering  or  the  GPS  clock  ensemble  since  both  were  initiated 
about  the  same  time.  Prior  to  this  analysis  the  steering  algorithm  was  checked  and  found  to  be 
producing  the  correct  steering  commands  for  the  phase  and  frequency  offsets  observed  by  USNO. 
Two  major  phenomenon  were  observed  from  the  filter  data.  First,  estimates  of  aging  on  two  of  the 
SV’s  with  rubidium  frequency  standards  (PRN’s  3  and  16)  had  large  estimation  errors.  Second,  it 
wa.s  observed  that  Nav  16  had  a  large  uncompensated  frequency  jump  (Af/f  a  4E-12)  causing  a 
change  in  frequency  estimates  of  the  other  clocks  in  the  ensemble  of  opposite  polarity  and  about  one 
fifteenth  the  size.  During  this  period,  the  frequency  standard  at  the  Colorado  Springs  monitoring 
station  was  switched  to  the  NRL's  hardware  ensemble  (48167).  Although  the  frequency  of  the  two 


standards  were  considerably  different,  the  transition  was  handled  correctly  by  the  filter  with  no 
detectable  changes  in  ensemble  frequency. 

Simulations  of  the  steering  loop  to  aging  and  frequency  jumps  led  to  the  conclusion  that  the 
first  undershoot  problem  was  due  to  the  filter  mismodeled  aging  and  the  second  overshoot  was 
a  combined  ettect  of  NAV  16  frequency  jump  and  a  change  in  aging.  Based  on  these  findings  it 
was  concluded  that  the  problem  was  in  the  clock  ensembling  process  and  not  in  the  steering  loop 
design.  It  was  therefore  recommended  that  all  SV  rubiduim  clocks  and  any  other  SV  which  was 
experiencing  estimation  problems  of  clock  or  ephemeris  be  removed  from  the  GPS  ensemble  process. 
This  was  done  in  December  and  automatic  steering  was  again  initiated  January  1,  1991. 

The  performance  since  January  1  still  reflects  spurious  responses  which  can  be  associated  with 
monitoring  station  clock  problems.  It  should  also  be  noted  here  that  it  is  not  necessary  that  SV 
rubiduim  clocks  be  excluded  from  the  GPS  ensembling  process;  however,  it  is  necessary  that  the 
filter  be  tuned  properly  to  estimate  the  aging  state. 


3.0  Stability  of  GPS  Time 

The  common  measure  of  time  stability  is  the  Allan  Variance  of  the  sample  function.  This  is 
presented  in  Figure  4  for  the  time  history  of  the  GPS  time  offset  presented  in  Figure  3.  This 
represents  the  composite  of  the  GPS  time  ensemble  and  the  steering  function.  When  the  steering 
command  is  integrated  twice  and  removed  from  the  sample  function  of  Figure  3,  a  measure  of  the 
GPS  ensemble  time  is  obtained.  This  is  also  presented  in  Figure  4.  These  are  rather  complex 
functions  to  make  any  quantitative  statements;  however,  certain  qualitative  observations  can  be 
made.  The  one  day  value  (ss  2.8  E-14)  is  a  reasonable  assessment  of  the  GPS  ensemble  time 
since  its  value  is  not  affected  by  the  contribution  of  steering.  Also  included  in  this  number  is  the 
accuracy  of  the  measuring  system  which  includes  the  SV  clocks,  therefore  it  can  be  concluded  the 
GPS  ensemble  is  performing  better  than  2.8  E-14  at  one  day.  In  the  interval  of  1  to  100  days,  the 
GPS  time  ensemble  response  suggests  a  significant  component  of  aging  noise.  Beyond  25  days,  the 
steering  loop  significantly  removes  the  effects  of  this  noise  as  evidence  by  the  intersection  of  the 
open  and  closed  loop  curves. 


4.0  Time  Dissemination  Performance 

The  time  dissemination  relates  to  how  well  a  GPS  user  can  determine  his  time  offset  with  respect 
to  UTC.  USNO  monitors  this  function  by  correcting  the  observed  GPS  time  offset  by  the  offset 
broadcast  by  GPS  in  subframe  4.  The  phase,  computed  frequency  and  reference  time  received 
from  USNO  for  steering  is  also  used  at  the  OCS  to  prepare  the  subframe  4  data.  USNO  then  uses 
what  it  receives  in  the  message  to  arrive  at  the  GPS  (UTC)  error.  What  is  computed  by  USNO 
and  presented  here  in  Figure  5  is  the  daily  mean  and  the  one  sigma  value  about  the  mean  for  the 
interval  when  steering  was  turned  on  to  November  1,  1991.  Observing  Figure  5  it  is  seen  that  early 
in  the  steering  interval,  June  to  October  1990  (MJD  48067  to  48165),  the  pattern  and  magnitude 
of  error  was  larger  than  the  rest  of  the  interval.  Initially  a  three  day  least  squares  polynomial  fit 
was  done  at  the  OCS  using  a  subset  of  the  total  data  collected  by  USNO.  Problems  associated 
with  this  procedure  resulted  in  the  change  to  the  current  procedure  (see  Section  5)  and  associated 
improved  performance. 
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The  RSS  value  of  the  mean  and  sigma  is  more  the  intent  of  the  100  ns  requirement.  Table  I 
summarizes  the  performance  of  these  quantities  over  the  total  interval  and  over  the  interval  covering 
this  year. 


Table  1.  Disseminat cd  Time  Accuracy  RMS  Statistics  over  each  interval  (ns) 


Interval 

Mean 

Sigma 

RSS 

Max  RSS 

June  25  ’90  to  Nov  1  ’91 

8.3 

11.8 

14.5 

52.6 

Jan  1  ’91  to  Nov  1  ’91 

4.9 

10.9 

12.0 

23.6 

5.0  Sensitivity  Study 

Because  of  the  anomalous  performance  initially  experienced,  a  re-examination  of  the  steering  loop 
was  initiated.  The  new  simulation  depicted  more  closely  the  USNO  to  OCS  interface  and  the  OCS 
to  satellite  interface  system  than  was  used  in  the  original  study  (Reference  2).  Figure  6  presents 
the  new  simulation  diagram.  As  in  the  original  study  the  OCS  Ephemeris  and  Clock  Kalman 
filter  is  represented  as  a  simple  two  stage  clock  model.  In  the  simulation,  the  steering  command  is 
integrated  twice  to  reflect  schematically  the  response  while  in  the  OCS  the  steering  command  is  fed 
directly  to  the  Kalman  filter  and  the  filter  performs  the  integration.  This  schematic  representation 
has  the  advantages  that  more  realistic  representations  of  the  Kalman  filter  could  be  implemented 
without  changing  the  steering  diagram.  The  difference  of  these  two  outputs  (filter  and  steering) 
represents  GPS  time  and  is  used  as  the  reference  for  uploads  to  the  satellite  system.  Each  SV  in  the 
constellation  of  N  satellites  is  also  modeled  as  a  two  stage  clock  with  phase  and  frequency  outputs 
being  reset  daily  to  represent  the  upload  function.  For  most  studies,  N  was  set  to  12  md  the  rotary 
switch  would  reset  a  different  SV  clock  every  two  hours.  On  the  other  end  of  the  SV  simulation  is 
another  rotary  switch  sampling  one  of  the  SV’s  in  the  constellation  every  15  min  representing  the 
operation  at  the  USNO.  Noise  is  added  to  these  samples  to  represent  errors  in  the  USNO  caused 
by  receiver  and  correction  errors.  The  current  procedure  since  Oct  1990  has  been  for  USNO  to 
collect  38  hours  of  data  (0  hrs  GMT  to  14  hrs  the  next  day)  and  to  perform  a  least  squares  linear 
fit  on  the  data  to  produce  a  phase  and  frequency  offset  of  GPS  time  to  USNO  time.  The  time  tag 
for  this  data  is  24  hour  into  the  fit  interval.  For  our  simulation,  an  hour  delay  is  incorporated  to 
allow  time  for  transmitting  and  entering  the  data  into  the  OCS  system.  The  OCS  uses  the  first 
difference  of  the  daily  phase  error  data  to  represent  frequency  error.  This  output  is  fed  daily  to 
the  steering  law.  The  IBM  steering  law  operates  on  this  command  every  15  minutes  to  determine 
an  output  steering  command.  The  steering  law  is  described  in  Reference  2  with  a  change  to  the 
TOL  value  (error  tolerance  from  1  to  10  ns)  which  was  recommended  by  IBM.  For  comparison,  the 
linear  law  of  Reference  2  was  also  simulated  where  steering  commands  are  computed  once  per  day 
subject  to  the  output  limit. 

The  main  inputs  to  this  simulation  for  steady-state  performance  analysis  are  the  performance  pa¬ 
rameters  of  the  ground  ensemble,  the  performance  of  the  SV  clocks,  and  the  noise  level  of  the 
measurement  process.  Figure  7  presents  Allan  Variance  curves  for  the  clock  models  and  defines  the 
nominal  values  used  for  stochastic  parameters  in  this  study.  Other  inputs  of  initial  conditions,  en¬ 
semble  aging  and/or  frequency  jumps,  limiter  level,  data  dropouts,  number  of  SV  clocks  simulated, 
measurement  filtering  intervals,  and  delay  variations  were  also  investigated  but  not  reported  here. 

One  of  the  characteristics  noted  in  this  simulation  was  the  non-repeatability  of  statistical  results 
with  changes  in  the  seed  to  the  random  number  generator.  It  was  initially  thought  that  simulation 
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intervals  of  3  to  5  time  constants  (100  to  200  days)  would  be  adequate  to  portray  performance  for 
a  particular  set  of  inputs.  However,  it  was  found  that  significant  changes  in  results  occur  even  for 
simulation  intervals  of  1000  days.  Figure  8  is  a  typical  example  where  the  first  300  days  exhibits 
large  excursions  (parasitic  oscillations)  with  a  significant  change  in  apparent  performance  over  the 
remainder  of  the  inte’^val.  For  the  same  input  conditions  (except  for  a  change  in  the  random 
number  seed)  a  completely  different  response  results.  Similarly  for  the  same  seed,  but  a  change  in 
the  magnitude  of  one  of  the  input  noise  levels,  results  in  a  complete  change  in  apparent  performance 
over  time.  For  this  reason,  it  is  difficult  to  conduct  a  sensitivity  analysis  on  a  non-linear  controller. 
To  a  lesser  extent,  the  linear  controller  also  suffers  when  noise  levels  are  sufficient  to  cause  frequent 
limiting  action.  The  nonlinearity  violates  laws  of  superposition  and  stationarity  enjoyed  by  linear 
systems  and  makes  the  analysis  for  stochastic  inputs  more  difficult  to  predict. 

With  this  characteristic  noted,  a  sensitivity  study  was  run  simulating  both  the  current  controller 
and  a  linear  controller.  Table  II  defines  the  parameters  and  values  used  and  presents  results  in 
terms  of  RMS  phase  and  frequency  errors  for  each  case.  Figure  9  graphically  summarizes  the  phase 
errors  for  each  class  of  input  and  variation  used. 

It  is  seen  from  these  results  that  the  loop  performance  is  most  sensitive  to  the  performance  of  the 
ground  clock  ensemble  and  relatively  insensitive  to  measurement  noise  at  USNO  or  to  individual 
SV  clock  performance. 


Table  II  Sensitivity  Study  Parameters  and  Results 


Input 

RMS  Results 

Noise 

Seed 

Ground  Clock 

SV  Clocks 

Meas. 
Noise  (ns) 

IBM 

Linear 

Symbol 

REP 

WIE 

W2E 

WIS 

W2S 

MNZ 

Phase 

(ns) 

Freq 

(ns/day) 

Phase 

(ns) 

Freq 

(ns/day) 

Nominal 

3 

3 

1 

9 

3 

10 

22.1 

4.6 

14.7 

3.3 

Seed 

1 

11 

11 

11 

15.9 

4.0 

12.7 

3.0 

2 

71 

11 

” 

12.3 

3.8 

11.1 

3:0 

4 

11 

11 

11 

11 

15.5 

3,7 

14.5 

3.1 

5 

11 

11 

20.4 

4.2 

15.1 

3.2 

Grd  Clk 

3 

6 

11 

11 

36.1 

6.0 

27.1 

4.9 

1.5 

11 

11 

11 

17.0 

3.6 

11.9 

7.6 

11 

3 

2 

11 

11 

11 

56.8 

7.1 
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6.0  Performance  Improvements 

Although  the  current  performance  (both  in  control  of  GPS  time  and  dissemination  of  the  GPS/UTC 
time  difference)  are  well  within  required  accuracies,  improvements  are  always  possible.  The  major 
perturbation  to  control  accuracy  is  detection  of  and  compensation  for  individual  clock  anomalies.  To 
this  end,  an  enhancement  to  the  control  segment  software,  called  Performance  Visibility,  is  currently 
in  the  design  stage  by  IBM  (Reference  4).  This  enhancement  will  examine  the  Kalman  filter 
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products  to  automatically  detect  anomalous  magnitudes,  trends,  etc.  so  that  operator  intervention 
and  correction  can  be  applied  before  anomalies  spread  into  the  GPS  system  and  the  constellation 
of  satellites. 

Currently,  the  clocks  contributing  to  ensemble  time  are  all  equally  weighted.  The  Colorado  Springs 
monitor  station  has  the  NRL  hardware  ensemble  as  its  reference  and  could  be  weighted  so  as  to 
enhance  stabiUty  of  GPS  time  with  corresponding  improvement  in  control  of  GPS  time.  This 
requires  no  software  changes.  Converting  to  a  linear  controller  in  contrast  to  the  IBM  controller 
offers  some  improvement,  particularly  if  the  limits  were  increased  so  higher  gains  could  be  used. 

Time  dissemination  improvement  is  harder  to  achieve.  The  accuracy  is  primarily  dictated  by  the 
SV  clock  performance  in  prediction  and  the  update  rates  involved.  Update  rates,  e.g.,  twice  a 
day  could  offer  perhaps  a  factor  of  two  improvement  and  perhaps  would  not  be  that  difficult  to 
implement.  Relative  to  SV  clocks,  our  experience  with  Blk  II  rubiduim  clocks  (NAV  16)  is  limited 
and  its  performance  plagued  with  frequency  jumps  not  necessarily  inherent  in  the  standard  design. 
In  the  absence  of  frequency  jumps  and  with  proper  modeling  of  aging  in  the  Kalman  filter,  the 
stability  of  Nav  16  standard  over  one  day  was  excellent.  The  Blk  IIR  rubiduim  clocks  could  offer 
improved  performance,  while  the  autonomous  navigation  feature  will  offer  enhanced  accuracy  of 
SV  broadcast  time. 


7.0  Conclusions 

Both  control  and  dissemination  of  GPS  time  with  respect  to  USNO  time  have  been  demonstrated  to 
exceed  performances  requirements  by  at  least  an  order  of  magnitude.  The  performance  of  the  GPS 
Composite  clock  demonstrates  an  accuracy  better  than  3E-14  frequency  stability  at  one  day.  Every 
indication  is  that  this  will  improve  with  enhanced  anomaly  detection  and  filter  tuning.  The  lesson 
learned  is  to  evaluate  system  design  under  anomalous  performance  as  well  as  nominal  performance. 
Also,  not  all  clocks  perform  equally  and  should  not  be  weighted  equally.  For  questionable  clocks, 
zero  weights  are  much  preferred  to  equal  weights.  Finally,  the  techniques  to  evaluate  performance 
are  valid  and  should  carry  through  to  designs  of  the  Blk  IIR  constellation  synchronization  and 
GPS/USNO  control  and  dissemination.  Anomaly  studies  of  the  Blk  HR  has  been  an  integral  part 
of  the  design  activity  and  experience  here  reinforces  the  need  for  anomaly  analysis  during  the  design 
phase. 
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Figure  1.  GPS/UTC  Steering  Diagram 
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Figure  2.  GPS-UTC  Steering  Performance 
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Figure  4.  Allan  Variance  of  GPS  Time 
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Figure  5.  GPS  (UTC)  Performance 
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Figure  6.  GPS-UTC  Steering  Model 
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Figure  7.  Allan  Variance  Clock  Models 
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Figure  8.  Typical  Simulated  Sample  Function 
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Figure  9.  Sensitivity  Study  Summary 
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QUESTIONS  AND  ANSWERS 


David  Allan,  NIST:  In  your  previous  chart,  where  you  showed  the  state  of  the  steering  law, 
plus  or  minus  or  zero,  during  the  period  where  it  was  operating  well,  it  was  almost  never  at  zero. 
Where  it  was  operating  poorly,  it  was  often  at  zero.  Intuitively,  one  would  say  that,  since  it  is 
almost  never  at  zero  during  that  last  period,  there  could  be  something  done  to  make  it  work  even 
better,  even  though  it  is  as  good  as  you  need.  Statistics  says  that  it  should  be  often  at  zero,  rather 
than  always  at  the  limit. 

Mr.  Feess:  If  the  two  are  synchronized,  and  have  no  driving  force,  that  is  true.  Simulation 
shows  that  it  is  usually  in  this  state,  unless  you  are  responding  to  some  transient.  The  system 
is  essentially  driven  by  random  processes.  It  would  be  nice  if  we  didn’t  have  random  processes, 
because  then  we  would  expect  it  to  remain  at  zero. 

Mr.  Allan:  Intuitively  it  seems  that,  with  improved  digital  design,  one  could  spend  part  of  the 
states  at  zero,  instead  of  at  the  hard  limit. 

Mr.  Feess:  That  is  the  way  that  it  is  designed,  to  be  either  plus  or  minus.  If  you  used  a  linear 
law,  you  would  operate  most  often  at  one-half  or  one-quarter  of  this  level,  but  never  at  zero  during 
the  active  steering  mode. 

Dr.  Gernot  Winkler,  USNO:  I  share  David  Allan’s  concern.  In  other  words,  we  are  constantly 
steering,  and  that  is  the  consequence  of  the  principal  of  bang-bang  steering.  A  three-state  control. . . 

Mr.  Feess:  It  is  a  three-state  controller  with  zero,  but  it  very  seldom  stays  at  the  zero  point. 

Dr.  Winkler:  I  think  that  this  can  be  incorporated  by  allowing  for  a  dead-band.  Then,  when 
you  are  in  the  dead-band,  you  are  not  steering.  I  have  another  comment;  in  your  chart  where 
you  showed  the  assumed  Allan  Variance  for  the  ground  clocks  as  compared  to  the  space  clocks, 
the  space  clocks  are  about  three  dB  above  the  ground  clocks.  My  question  is:  is  that  a  result  of 
the  Kalman  filter  which  puts  all  .sorts  of  errors  into  the  clock  states,  which  would,  of  course,  be 
erroneous.  Why  are  they  higher  by  three  dB? 

Mr,  Feess:  The  space  clocks  were  assumed  to  be  three  dB  higher  than  the  ground  clocks  because 
the  specifications  are  higher. 

Dr.  Winkler:  Yes,  but  that  is  not  necessarily  realistic  in  terms  of  performance.  David  Allan  has 
shown  repeatedly  that  the  satellite  clocks  are  performing  very  well,  and  in  fact  may  be  better  than 
the  ground  clocks. 

Mr.  Feess:  The  satellite  clocks  that  we  have  assumed  here  are  better  than  specification  by  a 
factor  of  two  to  four.  We  know  that  the  clocks  are  performing  better  than  specification.  The 
specification  on  the  ground  clocks  is  better,  but  are  they  really  performing  to  specification?  We 
think  that  they  are  not,  and  probably  are  performing  no  better  than  the  satellite  clocks,  except  for 
the  one  at  Colorado  Springs.  We  have  measures  that  indicate  that  it  is  performing  much  better, 
and  we  should  weight  that  clock  more  if  we  really  wanted  to  optimize  the  system. 

David  Allan,  NIST;  I  think  that  one  of  the  problems  with  the  Kalman  Queuing  is  that  they 
have  only  one  set  of  queues  distributed  uniformly  across  all  clocks. 

Mr.  Feess:  No.  there  is  a  separate  queue  for  each  clock  in  the  system. 
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Mr.  Allan:  Appropriate  to  its  performance? 

Mr.  Feess:  No,  it  is  set  by  an  operator. 

Mr.  Allan:  There  is  the  problem  because  the  statistics  that  we  observe  on  the  clocks  are  different 
than  what  is  queued  in. 

Mr.  Feess:  Right.  That  is  one  of  the  things  that  could  improve  the  performance.  We  could  tune 
the  clocks  for  better  timing  performance. 

Mr.  Allan:  An  ensemble  would  work  much  better. 

Mr.  Feess:  The  system  is  designed  more  for  the  NAV  user  than  the  timing  user  and  there  is 
some  reluctance  to  change  anything.  If  it  ain’t  broke,  don’t  fix  it. 

Dr.  Claudine  Thomas,  BIPM:  I  would  like  to  make  one  comment:  what  you  are  doing  is 
steering  on  UTC(USNO)  and  not  on  UTC. 

Mr.  Feess:  That  is  true.  We  regard  USNO  as  UTC.  That  is  our  requirement.  Whether  Dr. 
Winkler  agrees  with  that. . . 

Dr.  Winkler:  Let  me  comment  on  that.  You  are  absolutely  correct.  Of  course,  UTC(USNO)  is 
steered,  in  very  long  term,  with  respect  to  UTC.  At  the  moment  the  offset  is  somewhat  like  eight 
nanosecondo.  It  is  our  inleul  to  keep  that  as  small  as  possible  within  the  constraints:  the  delay 
of  45  to  70  days  to  receive  BIPM  information,  and  additionally  you  do  not  want  steering  changes 
that  exceed  one  part  in  10*“*  maximum,  you  do  not  want  to  make  changes  frequently-there  are  a 
number  of  boundary  conditions  within  which  you  want  to  follow  the  principle  that,  in  the  long  run, 
the  offset  should  be  as  small  as  possible.  That  is  our  policy  and  therefore  Ave  must  take  reference 
to  one  physical  clock  and  in  fact,  it  is  also  dictated  by  the  regulations  of  the  DoD,  that  that  clock 
should  be  used  as  an  operational  reference.  In  the  interest  of  international  coordination,  we  have 
to  be  as  close  to  BIPM  as  we  can. 

We  do  not  have  a  bang-bang  controller! 

Mr.  Feess:  I  am  not  recommending  the  bang-bang,  in  fact  I  would  recommend  not  the  bang-bang. 

Dr.  Henry  Fliegel,  Aerospace:  We  have  long  considered  the  effect  of  the  bang-bang  steering 
and  have  in  fact  discussed  the  possibility  of  introducing  a  dead-band.  Obviously,  there  is  a  trade 
off  between  maintaining  frequency  stability  and  timing  stability.  As  you  can  clearly  see  from  Bill’s 
graphs,  what  we  have  opted  for  is  the  smallest  mean  offset  of  GPS  minus  UTC  in  time.  We  realize 
that  makes  a  very  busy  situation  in  frequency.  The  frequencies  are  continually  going  up  and  down. 
We  would  appreciate  any  response  from  actual  users  who  may  want  more  in  the  way  of  frequency 
stability  even  at  the  cost  of  having  larger  swings  in  the  time  domain.  We  are  open  for  suggestions 
at  this  point,  at  least  at  Aerospace,  and  we  will  try  to  convince  our  Airforce  colleagues  accordingly. 
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GPS  Orbit  Determination  at  the  National  Geodetic 

Survey 


Dr.  M.  S.  Schenewerk 
Ocean  and  Earth  Sciences 
NOAA,  Rockville,  MD  20852 


Abstract 

The  National  Geodetic  Survey  (NGS)  independently  generates  precise  ephemerides  for  all  avail- 
able  Global  Positioning  System  (GPS)  satellites.  Beginning  in  1991,  these  ephemerides  have  been  pro¬ 
duced from  double-differenced  phase  observations  solely from  the  Cooperative  International  GPS  Network 
(CIGNET)  tracking  sites.  The  double-difference  technique  combines  simultaneous  observations  of  two 
satellites  from  two  ground  stations  effectively  eliminating  satellite  and  ground  receiver  clock  errors,  and 
the  Selective  AvmlabiUty  (SIA)  signal  degradation  currently  in  effect.  CIGNET  is  a  global  GPS  tracking 
network  whose  primary  purpose  is  to  provide  data  for  orbit  production.  The  CIGNET  data  are  collected 
daily  at  NGS  and  are  available  to  the  public  Each  ephemeris  covers  a  single  week  and  is  available  within 
one  month  after  the  data  were  taken.  Verification  is  by  baseline  repeatability  and  direct  comparison  with 
other  ephemerides.  Typically,  an  ephemeris  is  accurate  at  a  few  parts  in  1 0^ .  This  corresponds  to  a  10  me¬ 
ter  error  in  the  reported  satellite  positions.  NGS  is  actively  investigating  methods  to  improve  the  accuracy 
of  its  orbits,  the  ultimate  goal  being  one  part  in  lO^  or  better.  The  ephemerides  are  generally  available  to 
the  public  through  the  Coast  Guard  GPS  Information  Center  or  directly  from  NGS  through  the  Geodetic 
Information  Service.  An  overview  of  the  techniques  and  software  used  in  orbit  generation  will  be  given, 
the  current  status  of  CIGNET  will  be  described,  and  a  summary  of  the  ephemeris  verification  results  will 
be  presented. 


CIGNET 

The  Cooperative  International  GPS  Network,  or  CIGNET,  was  created  to  make  available  rei.o.ble 
and  continuous  GPS  tracking  data  from  a  global  network  of  fiducial  stations.  The  tracking  site 
positions  are  defined  in  the  International  Earth  Rotation  Service  (lERS)  reference  frame,  and  the 
sites  are  maintained  for  crustal  motion  studies  and  as  a  common  starting  point  for  GPS  satellite 
ephemerides  generation.  The  National  Geodetic  Survey  (NGS)  has  been  an  active  participant  in 
CIGNET  since  its  inception  and  serves  as  the  CIGNET  Information  Center  (CIC).  Figure  1  shows 
the  distribution  of  CIGNET  tracking  sites.  Facilities  at  each  site  are  provided  and  run  by  the 
sponsoring  organizations.  All  sites  are  equipped  with  a  personal  or  mini  computer  and  power  backup 
systems  for  automated  routine  operation.  E.xternal  frequency  standards  are  available  at  most  sites 
providing  superior  receiver  clock  performance.  Data  are  taken  continuously  at  30  second  intervals 
and  surface  meteorological  measurements  taken  hourly.  A  minimum  satellite  observation  elevation 
of  10  degrees  is  imposed.  Many  sites  are  equipped  with  high  speed  modems  making  possible  remote 
receiver  control.  Table  I  contains  a  list  of  the  CIGNET  locations  displayed  in  Figure  1  with  their 
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Table  1:  CIGNET  DEVELOPMENT 
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dates  of  installation,  current  receivers,  and  sponsors.  Four  future  sites,  indicated  with  crosses  in 
Figure  1,  are  also  listed. 


Figure  1 

Data  retrieval  at  the  CIC  is  accomplished,  where  possible,  via  modem  or  computer  network.  Upon 
receipt,  the  raw  data  are  converted  into  an  ASCII  exchange  format.  The  reformatted  data  are  then 
processed  to  provide  receiver  health,  station  clock  health,  satellite  coverage.  Selective  Availability 
(S/A)  status,  cycle  slip  evaluation,  and  meteorological  summary  information.  The  entire  operation 
is  fully  automated  and  completed  each  morning  before  7:00  AM  Eastern  Time.  The  raw  and 
reformatted  data  are  archived  on  9-track  tape  or  magnetooptical  disk.  Occa.sionaJly,  situations 
require  the  data  to  be  copied  onto  floppy  disks  at  each  site  and  shipped  to  the  CIC  via  express 
mail  services.  Upon  receipt  these  data  are  processed  manually  and  are  typically  available  within 
one  week. 

The  reformatted  ASCII  and  raw  data  files  are  available  through  the  CIC.  The  most  recent  data 
may  be  accessed  directly  through  ARPAnet  from  an  HP9000/825  computer  with  UNIX  operat¬ 
ing  system.  The  network  address  is  gracie.grdl.noaa.gov  or  192.64.68.199;  the  system  guest  login 
name  and  password  are  anonymous.  Individual  data  files  are  stored  in  subdirectories  branching 
off  /users/ftp/dist/cignet.  The  subdirectories  are  named  d###a  or  d#^5^#b  where  ###  is  the 
day-of-year  of  the  data.  d###a  contains  the  reformatted  ASCII,  and  d###b,  original  binary 
files.  Large  quantities  of  data  are  transferred  on  9-track,  6250  bpi  tapes.  Smaller  requests  may 
be  sent  via  IBM  compatible  floppy  disks  or  9-track  tape  at  the  user’s  discretion.  All  users  are 
urged  to  retrieve  the  data  over  the  computer  networks  if  possible.  Requests,  questions,  or  problems 
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can  be  directed  to  Miranda  Chin,  N/0ES13,  NOAA/NOS/OES,  Room  418,  11400  Rockville  Pike, 
Rockville,  MD  20852,  USA;  phone:  301-443-8798  or  301-443-0139;  FAX:  301-443-5714;  ARPAnet: 
ernie@gracie.grdl.noaa.gov. 

GPS  SATELLITE  EPHEMERIDES 

The  growing  use  of  GPS  has  motivated  NGS  to  take  an  active  interest  in  the  production  GPS 
satellite  ephemerides.  In  addition,  NGS  agreed  in  April  1990  to  be  responsible  for  providing  GPS 
ephemerides  through  the  Civil  GPS  Service.  The  participation  in  CIGNET  has  made  possible 
an  effort  to  produce  these  ephemerides  at  NGS.  Typically,  the  NGS  ephemerides  are  available 
one  month  after  the  data  were  taken.  These  ephemerides  can  be  gotten,  via  modem  and  free  of 
charge,  through  the  Civil  GPS  Service  Interface  Committee  (GPSIC)  bulletin  board  operated  by 
the  United  States  Coast  Guard.  Only  the  most  recent  ephemerides  will  be  available  because  of 
space  limitations.  The  GPSIC  bulletin  board  may  be  reached  by  dialing  703-866-3890  for  300  - 
2400  bps  modems,  or  703-866-3894  for  9600  bps  modems.  The  communication  parameters  are 
asynchronous,  8  data  bits,  1  start  bit,  1  stop  bit,  no  parity,  full  duplex,  and  XON/XOFF.  Both 
Bell  And  CCITT  protocols  are  recognized.  In  addition  to  the  GPSIC  bulletin  board,  all  NGS 
ephemerides  are  available  through  the  NGS  Geodetic  Information  Branch.  There  is  a  $50  (US) 
charge  for  each  week  requested  plus  a  25%  surcharge  for  distribution  outside  the  United  States. 
F'^r  a'lditionnl  information,  the  Information  Branch  may  be  telephoned  directly  at  301-443-8631. 

Production  is  composed  of  three  primary  tasks  or  stages:  the  creation  of  a  priori  ephemeris,  data 
pre-processing,  and  orbit  adjustment.  The  a  priori  ephemerides  are  created  with  ARC,  an  orbit  inte¬ 
grator  program,  provided  by  the  Massachusetts  Institute  of  Technology.  ARC  employs  an  eleventh 
order  .Adams- Moulton  predictor-corrector  to  produce  satellite  positions  and  partial  derivatives  to 
the  initial  conditions  ^t  22.5  minute  intervals.  The  constants  used  in  the  program  were  defined  in 
the  lERS  standards  (McCarthy,  1989)  with  an  8x8  gravity  fi«ld  taken  from  the  GEM-T2  model 
(Marsh  et  al.  1989).  A  simplified  ROCK4  model  (Columbo,  1989)  for  the  satellite  radiation  pres¬ 
sure,  ad  hoc  Y-bias,  and  the  related  partial  derivatives  are  currently  in  use.  Conversion  between 
inertial  and  Earth-centered  fixed  coordinates  uses  polar  motion  and  UTl-UTC  values  determined 
from  VLBI  observations,  and  nutation  values  generated  from  I.AU  1980  Theory  of  Nutation  (Seidel- 
rnann,  1982;  VVahr,  1981).  In  routine  production,  initial  conditions  taken  from  the  previous  week’s 
adjusted  ephemeris  are  u.sed  although  any  precise  or  broadcast  ephemerides  can  provide  these. 

Pre-processing  involves  the  creation  of  databases,  and  the  identification  and  removal  of  cycle  slips. 
Both  tasks  are  accomplished  with  the  OMNI  software  developed  at  NGS;  however,  human  inter¬ 
vention  is  required  to  verify  and  complete  the  cycle  slip  removal.  Cycle  slip  correction,  being  the 
most  intensive  and  time  consuming  task,  is  the  current  limiting  factor  in  ephemeris  production. 

The  program  PAGE2  combines  the  a  priori  ephemerides  from  ARC  with  the  tracking  data  in  a 
least-squares  adjustment  to  produce  the  corrected  ephemerides.  Designed  for  background  or  batch 
operation,  PAGE2  can  process  observations  of  24  satellite  from  20  sites.  Dual  frequency  data 
are  combined  to  produce  an  ionospliere-free,  double-differenced  observable.  Double-differencing 
effectively  removes  all  clock  errors.  S/A,  which  manifests  itself  a  satellite  clock  error,  is  therefore 
also  removed  with  this  technique.  A  neutral  atmosphere  path  length  correction  derived  from  the 
Saastamoinen  dry  atmosphere  (Saastamoinen,  1972)  plus  the  Chao  wet  atmosphere  (Chao,  1972) 
zenith  corrections  combined  with  the  Center  for  Astrophysics  2.2  mapping  function  (Davis  et  aJ., 
1985),  and  an  Earth  tide  correction  (Mclehion,  1978)  for  the  tracking  sites  are  applied.  Data  from 


52 


a  GPS  week  plus  one  day  before  and  after  are  used  to  create  the  weekly  ephemerides.  The  two 
additional  days  are  included  to  help  smooth  discontinuities  between  subsequent  ephemerides.  Typ¬ 
ically,  adjustments  to  all  satellite  positions  and  velocities,  scale  factors  for  the  radiation  pressures, 
Y-biases,  and  tropospheric  delays,  and  phase  bias  values  are  determined.  The  site  coordinates  are 
not  adjusted  in  normal  operation.  Currently,  time  and  physical  limitations  allow  only  sub-networks 
in  the  U.S.,  Europe,  and  Australia  to  be  processed  for  orbit  determination.  Planned  software  and 
hardware  improvements,  and  the  continued  growth  of  CIGNET  will  allow  other  sites  to  be  included 
in  the  near  future. 

Ephemeris  verification  is  performed  using  two  methods.  The  first  is  direct  comparisons  with  inde¬ 
pendently  produced  ephemerides.  Through  the  advent  of  continuous  S/A  in  the  Block  11  satellites, 
agreement  between  all  sources  has  been  at  a  few  parts  in  10^.  Although  this  method  is  valuable 
for  long  term  improvement  of  the  techniques  and  models  used  in  the  ephemerides  adjustment,  it 
does  not  satisfy  the  strict  time  constraints  of  routine  production.  To  address  the  problem  in  a 
timely  fashion,  a  repeatability  study  using  tracking  sites  not  included  in  the  orbit  solution  was 
proposed.  Three  permanent  tracking  sites  equipped  with  P-code  receivers  in  southern  California 
were  used  in  the  example  shown  here.  The  three  sites,  designated  JPLMESA,  PlNl,  and  SIOl,  are 
part  of  the  Permanent  GPS  Geodetic  Array,  a  NASA  pilot  project  operated  by  the  Scripps  Insti¬ 
tution  of  Oceanography  and  the  Jet  Propulsion  Lab  with  the  assistance  of  the  California  Institute 
of  Technology,  the  Massachusetts  Institute  of  Technology,  and  the  University  of  California  at  Los 
Angeles.  The  relative  positions  of  these  sites  is  shown  if  Figure  2.  Data  from  August  18  through 
September  28,  1991  were  processed.  These  data  span  GPS  weeks  606  -  611,  days-of-year  230  - 
271.  The  position  of  SIOl  was  held  fix  as  the  reference  position.  The  variation  of  the  estimated 
positions  for  the  other  two  sites  could  then  be  used  to  judge  the  quality  of  the  input  ephemerides. 
The  resulting  baseline  lengths  were  171.2  km  for  JPLMESA  to  SIOl,  and  110.9  km  for  PINl  to 
SIOl.  Consistency  required  that  similar  observing  scenarios  be  used  each  day.  If  substantial  data 
were  missing  from  more  than  one  site,  the  day  was  eliminated  from  consideration.  Thus,  days 
236,  239,  257,  258,  and  267  are  not  included  in  the  subsequent  discussion.  In  addition,  PINl  data 
were  unavailable  for  most  of  GPS  week  611.  The  week  611  results  for  PINl  are  included  for  com¬ 
pleteness  and  should  not  be  considered  a  reliable  diagnostic  for  that  ephemeris.  Ionosphere-free, 
double  difference  phase  measurements  of  the  baselines  were  made  using  the  OMNI  software  and 
NGS  generated  ephemerides.  Hourly  tropospheric  path  length  scaling  factors  were  estimated  to 
minimize  tropospheric  modelling  errors.  The  data  were  edited  automatically,  but  only  down  to 
the  few  cycle  level.  Examination  of  randomly  selected  days  revealed  that  several  small  cycle  slips 
remained  in  the  data  after  the  editing.  Undoubtedly  cycle  slips  of  this  magnitude  exist  in  each 
set  of  data.  Although  these  cycle  slips  will  worsen  the  repeatability,  in  essence  giving  a  worst  case 
evaluation,  the  slips  are  not  large  or  frequent  enough  to  prevent  an  evaluation  of  ephemeris  quality. 
A  single  set  of  coordinates  for  all  three  sites  were  adopted  to  simplify  comparisons. 

Figures  3  through  6  show  the  estimated  offsets  from  the  a  priori  positions.  Lines  connect  points 
that  belong  to  the  same  GPS  week.  Table  II  summarizes  the  weekly  and  overall  RMS  deviations 
from  the  mean  for  these  offsets.  Two  extreme  cases  appear  in  the  weekly  results.  GPS  week  608 
shows  a  large  variation  in  the  east  component  for  the  PINl  -  SIOl  baseline.  This  variation  is  not 
seen  in  the  JPLMESA  -  SIOl  baseline  and  probably  results  from  mi.ssing  or  improperly  edited  data 
from  the  PINl  site.  GPS  week  607  is  more  troubling.  Both  baselines  show  similar  large  variations. 
Again,  missing  or  improperly  edited  data,  this  time  from  the  common  reference  station  SIOl,  is  the 
likely  source.  Although  an  ephemeris  error  can  not  be  completely  ruled  out,  the  north  components 
do  not  show  a  similar  variation  which  implies  a  specific  event  rather  than  a  more  global  ephemeris 
error.  Weekly  RMS  variations  are  typically  1  -  3  cm  in  the  horizontal.  4  -  6  cm  in  the  vertical 
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Southern  California 


Figure  2:  Relative  location  of  sites  used  in  the  repeatability 
study . 

components  of  the  baselines.  Limitations  of  satellite  geometry  and  coverage,  errors  in  tropospheric 
modelling,  and  signal  multipathing  generally  manifest  themselves  most  strongly  as  errors  in  the 
vertical  component  of  a  baseline  solution.  The  weekly  results  are  consistent  with  these  effects. 
These  results  imply  NGS  ephemerides  are  internally  consistent  at  1  part  in  lO’’.  The  overall  RMS 
values  are  sig,iiificantly  larger  for  the  east  and  vertical  components  indicating  possible  week-to-week 
ephemeris  variations.  Such  week-to-week  variations  are  expected  and  efforts  are  taken  to  minimize 
them.  The  overall  RMS  values  indicates  the  “worst  case”  accuracy  of  slightly  better  than  1  part 
in  10  ,  however,  the  repeatability  in  the  north  component  implies  results  an  order  of  magnitude 
better. 


Table  II:  RMS  varia,tions  of  the  baseline  components. 
All  values  are  in  meters.  _ 


JPLMESA  - 

SlOl 

PINl  -  SIOl 

GPS  WEEK 

EAST 

NORTH 

UP 

EAST 

NORTH 

UP 

606 

0.0184 

0.0105 

0.0252 

0.0213 

0.0090 

0.0307 

607 

0.0861 

0.0114 

0.1345 

0.0621 

0.0259 

0.1503 

608 

0.0435 

0.0081 

0.0345 

0.1299 

0.0099 

0.0436 

609 

0.0278 

0.0139 

0.0534 

0.0221 

0.0122 

0.0404 

610 

0.0081 

0.0061 

0.0460 

0.0256 

0.0104 

0.0669 

611 

0.0160 

0.0102 

0.0308 

0.1391 

0.0148 

0.0104 

OVERALL 

0.1350 

0.0130 

0.0910 

0.0972 

0.0183 

0.0927 
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Conclusion 


CIGNET  is  a  global  GPS  tracking  network  whose  data  are  generally  available  for  geodetic  and 
geophysical  studies,  and  epheineris  generation.  The  data  are  retrieved  and  available  through  the 
CIGNET  Information  Center  daily.  In  turn,  these  tracking  data  are  used  in  GPS  ephemeris  gen¬ 
eration  at  National  Geodetic  Survey.  Each  ephemeris  covers  a  single  GPS  week  and  is  available 
one  month  after  the  data  were  taken.  Direct  comparisons  with  independent  sources  and  baseline 
repeatability  studies  indicate  the  accuracy  of  the  NGS  ephemerides  to  be  roughly  1  part  in  10^. 
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Figure  5:  PINl  -  SIOl  estimated  daily  horizontal  offset  from  the  a 
priori  position. 
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Figure  6:  PINl  -  SIOl  estimated  daily  vertical  offset  from  the  a 
priori  position. 
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QUESTIONS  AND  ANSWERS 


G.  Petit,  BIPM:  Is  the  processing  to  produce  the  ephemeris  a  global  process?  This  means  that 
all  satellites  are  equivalent? 

Mr.  Schenewerk:  At  this  point  in  time  that  is  correct.  I  am  sure  that  it  is  something  that 
you  can  sympathize  with  and  occasionally  it  is  something  that  I  am  embarrassed  about.  A  binding 
force  in  the  universe  is  the  establishment  of  a  procedure  for  operations.  We  do  have  set  procedures 
so  that  we  have  traceability  of  our  ephemerides.  We  use  equal  weighting  for  aU  satellites  and  all 
stations  that  are  involved.  It  varies  of  course  from  week  to  week  depending  on  the  availability  of 
the  data.  Roughly,  eight  or  ten  stations,  scattered  around  the  globe,  go  into  these  ephemerides. 

Mr.  Petit:  Did  you  get  a  chance  to  compare  your  three  station  network  with  the  other  positions? 
From  VLBI  or  other? 

Mr.  Schenewerk:  For  this  particular  experiment,  which  is  in  actuality  an  attempt  to  establish 
a  procedure  for  our  verification  project,  all  the  sites,  both  in  the  orbit  production  and  SIO  for 
this  experiment  were  held  fixed.  In  other  work  that  we  have  done,  we  have  estimated  the  position 
of  the  tracking  sites  as  well  as  the  orbit  when  we  do  the  solution.  In  those  cases,  we  have  fairly 
consistently  got  a  correspondence  with  the  VLBI  and  other  locations  at  about  one  part  in  10®. 
Given  the  limitations  of  an  incomplete  constellation  this  is  very  good. 
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Abstract 

It  has  already  been  shown  that  the  use  of  DMA  precise  ephemerides  brings  a  significant  improve¬ 
ment  to  the  accuracy  of  GPS  time  transfer.  At  present  a  new  set  of  precise  ephemerides  produced  by  the 
NGS  has  been  made  available  to  the  timing  community.  This  study  demonstrates  that  both  types  of  pre¬ 
cise  ephemerides  improve  long-distance  GPS  time  transfer  and  remove  the  effects  of  SA  degradation  of 
broadcast  ephemerides.  The  issue  of  overcoming  SA  is  also  discussed  in  terms  of  the  routine  availability 
of  precise  ephemerides. 


INTRODUCTION 

Among  the  many  challenges  faced  by  the  timing  metrology  community  two  of  immediate  concern 
are: 


•  improving  the  accuracy  of  routine  intercontinental  GPS  time  transfer  from  the  10-20ns  level 
(a  large  part  of  which  is  due  to  broadcast  ephemerides)  to  a  few  nanoseconds, 

•  overcoming  the  SA  degradation  of  GPS  broadcast  ephemerides. 

It  appears  that  the  best  way  to  progress  is  to  tackle  both  problpms  by  correcting  raw  GPS  data 
with  post- processed  precise  ephemerides.  Other  improvements  of  GPS  common-view  time  trans¬ 
fer  [1],  such  as  adoption  of  more  accurate  antenna  coordinates,  introduction  of  double-frequency 
ionospheric  measurement  systems,  differential  calibrations  of  receivers  are  progressively  being  in¬ 
troduced  [2,3,4]. 

Previous  papers  showed  the  improvements  brought  about  by  use  of  the  post-processed  precise  e- 
phemerides  produced  by  Defense  Mapping  Agency  (DMA)  [5,3].  At  present  the  National  Geodetic 
Survey  (NGS)  provides  publicly  available  precise  ephemerides.  The  purpose  of  this  study  is  to 
test  both  types  of  ephemerides  by  long-distance  GPS  time  transfer.  Also  removal  of  the  effects  of 
degradation  of  broadcast  ephemerides,  in  case  of  Selective  Availability  (SA),  is  investigated.  The 
issue  of  overcoming  SA  is  also  discussed  in  terms  of  the  routine  availability  of  precise  ephemerides. 
We  present  here  an  experiment  of  38  days  duration  in  which  three  long-distance  time  links  are 


computed  using  both  types  of  ephemerides.  The  precision  of  time  links  is  estimated  from  the 
residuals  of  the  smoothed  common-view  values.  In  addition  we  use  the  accuracy  test  of  the  closure 
around  the  world  [3],  which  is  the  combination  of  these  time  links:  the  three  independent  time 
links  should  add  to  zero.  The  laboratories  involved  are  the  Paris  Observatory  (Paris,  France),  the 
National  Institute  of  Standards  and  Technology  (Boulder,  Colorado,  USA)  and  the  Communications 
Research  Laboratory  (Tokyo,  Japan).  First  we  present  briefly  DMA  and  NGS  precise  ephemerides. 


DMA  PRECISE  EPHEMERIDES 

The  United  States  Defense  Mapping  Agency  (DMA)  produces  GPS  precise  ephemerides  in  support 
of  its  operational  geodesy  requirements  [6].  From  the  beginning  of  1986  until  July  29,  1989  precise 
ephemerides  were  provided  to  the  DMA  by  the  Naval  Surface  Warfare  Center  (NSWC).  Since  July 
30,  1989  they  have  been  computed  at  the  DMA.  Since  January  1990  Block  II  satellites  have  been 
included  in  the  computations. 

The  pseudo-range  measurements  used  for  the  computations  of  DMA  precise  ephemerides  are  per¬ 
formed  at  ten  tracking  stations.  Five  of  the  stations  are  operated  by  the  United  States  Air  Force 
and  five  by  the  DMA.  The  ten  stations  are  quite  evenly  spread  on  the  Earth  surface. 

The  software  system  currently  used,  called  OMNIS,  includes  a  multisatellite  Kalman  filter /smoother 
that  estimates  a  set  of  parameters  including  satellite  orbits,  satellite  clocks,  station  clocks,  and 
Earth  orientation.  Each  precise  ephemeris  consists  of  the  Earth-fixed  position  and  velocity  of  the 
satellite  center  of  mass  at  15-minute  intervals  given  in  the  WGS  84  reference  frame.  Estimates  of 
the  offsets  between  each  satellite  clock  and  GPS  time  and  frequency  at  one-hour  intervals  are  also 
generated.  Over  the  years  improvements  have  been  made  both  to  processing  procedures  and  to 
the  OMNIS  software  system  with  a  view  of  improving  the  accuracy  of  the  products  and  making 
them  more  compatible  with  the  lERS  standards  within  the  framework  of  the  WGS  84.  Estimated 
uncertainty  of  the  DMA  precise  ephemerides  ranges  from  Im  to  5m.  The  DMA  precise  ephemerides 
are  available  for  some  research  purposes  with  a  delay  of  about  2  months. 


NGS  PRECISE  EPHEMERIDES 

The  National  Geodetic  Survey  (NGS)  independently  generates  precise  ephemerides  for  all  avail¬ 
able  GPS  satellites  [7].  Beginning  in  1991,  these  ephemerides  have  been  produced  from  double- 
differenced  phase  observations  solely  from  the  Cooperative  International  GPS  Network  (CIGNET) 
tracking  sites.  The  double-difference  technique  combines  simultaneous  observations  of  two  satellites 
from  two  ground  stations  effectively  eliminating  satellite  and  ground  receiver  clock  errors,  and  the 
Selective  Availability  signal  degradation  currently  in  effect. 

CIGNET  is  a  global  GPS  tracking  network  whose  primary  purpose  is  to  provide  orbit  parameters. 
At  present  there  are  twenty-  two  CIGNET  sites  which  are  located  mainly  in  the  northern  hemi¬ 
sphere.  In  addition,  time  and  physical  limitations  allow  only  sub-networks  in  the  United  States, 
Europe,  and  Australia  to  be  processed  for  orbit  determination.  Planned  software  and  hardware 
improvements,  and  the  continued  growth  of  CIGNET  will  allow  other  sites  to  be  included  in  the 
near  future. 

Each  ephemeris  covers  a  single  week  and  is  available  within  one  month  after  the  data  were  taken. 
Each  is  expressed  in  the  ITRF  reference  frame.  Checking  is  performed  by  baseline  repeatability 
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and  direct  comparison  with  other  ephemerides.  The  estimated  uncertainty  of  NGS  ephemerides  is 
10m. 

The  NGS  is  actively  investigating  methods  to  improve  the  accuracy  of  its  orbits  and  to  reduce 
the  delay  in  availability  [8].  The  ephemerides  have  been  available  to  the  public  since  July  1,  1991 
through  the  Coast  Guard  GPS  Information  Center  or  directly  from  NGS  through  the  Geodetic 
Information  Service. 


THE  EXPERIMENT 

The  three  long-distance  time  transfers  UTC(0P)-UTC(N1ST),  UTC(NIST)-UTC(CRL)  and 
UTC(CRL)-UTC(OP)  were  computed  by  the  common-view  method  [1]  using  both  types  of  ephe¬ 
merides.  At  the  time  of  processing,  the  DMA  and  NGS  precise  ephemerides,  made  available  to  the 
BIPM,  covered  a  42-day  period,  from  June  2,  1991  (MJD=48409)  to  July  13,  1991  (MJD=48450). 

The  GPS  data  taken  at  the  three  sites  corresponds  to  the  international  schedules  No  16  and  17, 
issued  by  the  BIPM.  These  schedules  include  Block  I  and  Block  II  satellites.  For  one  part  of 
the  period  under  study  (July  1  to  4,  1991),  the  intentional  degradation  of  GPS  signals,  known  as 
Selective  Availability  (SA),  was  turned  on  for  Block  II  satellites.  This  application  of  SA  consisted 
of  phase  jitter  degrading  the  readings  of  satellite  clocks,  which  can  be  removed  by  strict  common 
views  [9],  and  of  broadcast  ephemerides  degradation  by  a  bias  which  changes  frequently.  It  should 
be  noted  that  one  Block  II  satellite,  PRN18,  was  removed  from  the  tests  for  the  period  of  SA:  both 
types  of  precise  ephemerides  failed  to  correct  it. 

In  our  experiment  only  common  views  with  the  same  starting  time  and  the  same  track  length  were 
kept.  Time  comparison  values  UTC(Labl)-UTC(Lab2)  were  obtained  for  each  observed  satellite  at 
the  time  T^id,  of  the  midpoint  of  the  track.  About  7  common  views  were  available  daily  for  each 
of  the  three  time  links. 

The  GPS  receivers  used  at  the  OP  and  the  NIST  come  from  the  same  maker  and  use  the  same 
software  to  treat  the  short-term  data.  This  enhances  the  symmetry  of  the  experiment  for  the  time 
link  OP-NIST.  This  is  not  the  case  for  the  the  NIST-CRL  and  CRL-OP  links,  the  GPS  receiver  in 
regular  operation  at  CRL  coming  from  another  maker. 

For  this  experiment  the  measurements  of  ionospheric  delays  were  used.  They  were  provided  at  the 
OP  and  the  NIST  by  similar  dual-frequency  GPS  receivers  of  the  NIST  type  [10]  (NIST  Ionospheric 
Measurement  System)  and  at  the  CRL  by  another  type  of  dual-frequency  GPS  receiver  designed 
by  the  CRL  [11]  (Realtime  TECmeter).  Detailed  procedures  for  the  application  of  ionospheric 
measurements  to  GPS  time  transfer  can  be  found  in  [3]. 

The  antenna  coordinates  of  the  three  laboratories  involved  are  expressed  in  the  ITRF88  reference 
frame  with  an  uncertainty  of  .50cm  for  OP,  30cm  for  NIST  and  10cm  for  CRL. 


APPLICATION  OF  PRECISE  EPHEMERIDES 
TO  TIME  TRANSFER 

In  practice,  computations  with  precise  ephemerides  require  knowledge  of  the  broadcast  ephemerides 
used,  during  the  observation,  by  the  receiver  software  in  order  to  apply  differential  corrections 
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[5,3].  For  our  three  time  links  which  encircle  the  Earth  we  needed  access  to  recorded  broadcast 
ephemerides  on  at  least  two  correctly  situated  sites.  We  have  used  the  broadcast  ephemerides 
recorded  at  the  BIPM  (Sevres  near  Paris,  France)  and  recorded  by  the  NGS  in  Mojave  (California, 
USA). 

The  precise  ephemerides,  PE^,  are  provided  in  cartesian  coordinates  (expressed  in  WGS  84  reference 
frame  for  DMA  and  in  ITRF88  reference  frame  for  NGS)  at  time  Tj  corresponding  to  round  quarters 
of  hours:  OhOO  UTC,  0hl5  UTC,  0h30  UTC  etc.  It  is  then  necessary  to  compute,  from  the  broadcast 
Keplerian  elements  of  the  observed  satellite,  its  positions  BEi,  BE2  and  BE3  at  three  times  Ti, 
T2  and  T3,  such  that: 


Ti  <  Tstart  <  Tstop  <  T3 

where  Tstart  and  Tstop  are  the  starting  time  and  the  stopping  time  of  the  usual  13-minute  track¬ 
ing.  The  ephemerides  corrections  PEi-BE,  for  i  —  1,2,3,  are  transformed  in  a  frame  linked  to 
the  satellite  (On-track,  Radial,  Cross-track)  and  a  quadratic  polynomial  in  time  is  computed  to 
represent  each  component.  A  quadratic  representation  is  also  computed  in  the  same  frame  for  the 
vector  satellite-station.  The  inner  product  of  these  quadratic  representations  provides  the  correc¬ 
tions  to  the  GPS  measurements  each  15  seconds.  A  linear  fit  over  13  minutes  on  these  short-term 
corrections  gives  the  corrections  at  the  middle-time,  Tmidj  of  tho  track. 


CONDITIONS  OF  TESTING 

To  test  the  precise  ephemerides  we  have  analyzed  the  precision  and  accuracy  of  three  long-distance 
time  links  with  each  of  two  available  sets  of  precise  ephemerides.  We  have  considered  three  different 
cases  for  each  time  link  and  for  the  closure,  which  is  the  sum  of  the  three  links: 


•  non-corrected  values. 

•  values  corrected  by  DMA  ephemerides  and  ionospheric  measurements. 

•  values  corrected  by  NGS  ephemerides  and  ionospheric  measurements. 

For  each  case,  a  Vondrak  smoothing  [12]  is  performed  on  the  values  UTC(Labl)-UTC(Lab2).  The 
smoothing  used  acts  as  a  low-pass  filter  with  a  cut-off  period  of  about  4  days.  For  the  closure,  the 
smoothed  values  are  interpolated  for  Oh  UTC  of  each  day  and  the  interpolated  values  are  simply 
added. 


PRECISE  EPHEMERIDES  TESTED  BY 
PRECISION  OF  TIME  LINKS 

For  the  estimation  of  the  precision  of  the  time  links  we  have  used  the  standard  deviations  of  the 
residuals  to  the  smoothed  values.  These  standard  deviations  for  the  complete  period  of  the  study 
are  given  in  Table  1. 
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TABLE  1.  Standard  deviation,  in  nanoseconds,  of  the  residuals  to  the 
smoothed  values  UTC(OP)-UTC(NIST),  UTC(NIST)-UTC(CRL)  and 
UTC(CRL)-UTC(OP)  for  the  period  of  the  study  with  application  or 
not  of  the  corrections. 


OP-NIST 

NIST-CRL 

CRL-OP 

(7388km) 

(8522km) 

(8816km) 

non-corrected  19.5 

19.6 

26.3 

DMA  ephem.-l-iono.  2.9 

4.2 

4.2 

NGS  ephem.-Hiono.  6.7 

9.0 

7.4 

We  observe  a  clear  improvement  of  the  precision  of  the  time  links  for  both  types  of  precise 
ephemerides  with,  however,  a  better  performance  for  DMA  ephemerides.  This  improvement  is 
linked  to  the  length  of  the  baselines  involved.  For  such  long  baselines,  common-view  observations 
are  mostly  at  low  elevations  and  so  are  more  sensitive  to  ionospheric  effects  and  to  satellite  positions. 

The  improvements  brought  by  the  corrections  of  ephemerides  and  ionosphere  are  also  illustrated 
by  Figures  1  to  3.  The  figures  represent  individual  common  views  without  smoothing.  Both,  DMA 
and  NGS  precise  ephemerides,  perform  very  well,  in  particularly  for  the  removal  of  the  effects  of 
the  SA  ephemerides  degradation. 


PRECISE  EPHEMERIDES  TESTED 
BY  THE  ACCURACY  OF  TIME  TRANSFER 

A  test  of  accuracy  for  GPS  time  transfer  can  be  performed  by  computing  the  closure  around  the 
world  via  OP,  NIST  and  CRL.  Daily  values  of  UTC(OP)-UTC(NIST),  UTC(NIST)-UTC(CRL) 
and  UTC(CRL)-UTC(OP)  were  estimated  from  the  smoothed  data  points.  The  resulting  daily 
values  of  the  deviation  from  closure,  for  the  period  under  study,  are  shown  in  Figure  4.  This  test 
shows  an  evident  gain  in  accuracy  brought  by  DMA  ephemerides.  One  can  see  an  improvement 
for  the  NGS  ephemerides  in  the  last  part  of  the  experiment,  although  the  period  is  too  short  for  a 
definitive  conclusion.  Detailed  studies  of  the  closure  around  the  world  with  the  DMA  ephemerides 
are  provided  by  [3]  and  [13]. 

CONCLUSIONS 

The  DMA  and  NGS  precise  satellite  ephemerides  improve  the  precision  and  accuracy  of  long  dis¬ 
tance  GPS  time  transfer.  Further  improvements  of  the  quality  of  these  ephemerides  are  expected, 
mainly  for  NGS  after  amelioration  of  the  coverage  of  the  globe  by  CIGNET  stations. 

Both  types  of  precise  ephemerides  remove  the  SA  degradation  of  GPS  broadcast  ephemerides. 

Post-processed  precise  ephemerides  can  resolve  the  problem  of  SA  degradation  for  TAI  computation, 
provided  that  tne  BlPM  nas  access  to  these  ephemerides  with  a  delay  not  exceeding  two  weeks. 
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ACRONYMS 


BIPM 

CIGNET 

CRL 

DMA 

GPS 

lERS 

ITRF 

NGS 

NIST 

NSWC 

OP 

TAI 

SA 

UTC 

UTC(CRL) 

UTC(NIST) 

UTC(OP) 

VVGS 


Bureau  International  des  Poids  et  Mesures,  Sevres,  France 

Cooperative  International  GPS  Network 

Communications  Research  Laboratory,  Tokyo,  Japan 

Defense  Mapping  Agency 

Global  Positioning  SSystem 

International  Earth  Rotation  Service 

lERS  Terrestrial  Reference  Frame 

National  Geodetic  Survey 

National  Institute  of  Standards  and  Technology 
Naval  Surface  Warfare  Center 
Paris  Observatory,  Paris,  France 
International  Atomic  Time 
Selective  Availability  of  GPS 
Coordinated  Universal  Time 

Coordinated  Universal  Time  as  realized  by  the  CRL 
Coordinated  Universal  Time  as  realized  by  the  NIST 
Coordinated  Universal  Time  as  realized  by  the  OP 
World  Geodetic  System 
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(MJD-48400)/day 


Figi  re  2.  GPS  time  link  UTC(OP) -UTC(CRL)  obtained  with: 

2-a.  non-corrected  data, 

2-b.  data  corrected  for  DMA  ephemerides  and  measured  ionospheric  delays 
2-c.  data  ccrrrected  for  NGS  ephemerides  and  measured  ionospheric  delays. 


V 


(MJD-48400)/day 


Fi(ii  RK  4.  Deination  from  closure  around  the  vuorld  via  OP,  NIST  and  CRL  obtained  with: 
.  non-corrected  GPS  data, 

.  data  corrected  for  DMA  epheinerides  and  measured  ionospheric  delays, 
data  corrected  for  NGS  ephemerides  and  measured  ionospheric  delays. 
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QUESTIONS  AND  ANSWERS 


Professor  Leschiutta,  Politechnico  Di  Turino:  Hotli  DMA  and  NCS  precise  e])lieineris 
correct  for  the  ionospheric  effects.  Can  you  elaborate  concerning  a  conple  of  questions?  Do  they 
use  the  same  model,  the  same  receiver,  the  same  algorithm  in  order  to  correct  for  the  ionospheric 
effects? 

Mr.  Lewandowski:  1  am  not  sure  how  they  produce  the  corrections.  I  can  only  tell  you  what 
we  are  doing  for  the  ionosphere.  We  use  an  ionosphere  calibrator  which  was  developed  at  tlie  BIPM 
ami  is  used  also  iii  Tokyo.  NIST  has  produced  another  type  which  is  used  in  Boulder.  So.  for  this 
work,  the  same  type  of  calibrators  were  used  for  all  the  data.  Each  of  them  should,  theoretically, 
give  a  one  nanosecond  accuracy,  but  it  is  probably  a  few  nanoseconds. 

Saniuei  Ward,  ex-JPL;  Does  that  NGS  offset  that  appears  to  be  a  bias  occur  because  of  a 
seasonal  effect  and  the  data  span  is  too  short? 

Mr.  Lewandowski:  'I'his  is  a  short  period  so  it  is  difficult  to  talk  about  seasonal  effects.  It  is 
only  a  dS  day  period.  It  conhl  b(>.  why  !iot? 
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Abstract 

For  about  one  year  the  time  scaks  UTC(  OCA)  and  UTC(TUG)  were  compared  by  means  of  GPS  and 
two-way  satellite  time  transfer.  At  the  end  of  the  experiment  both  links  were  independently  “calibrated”  by 
measuring  the  differential  delays  of  the  GPS  receivers  and  of  the  satellite  earth  stations  by  transportation 
of  a  GPS  receiver  and  of  one  of the  satellite  terminals.  The  results  obtained  by  both  methods  differ  by  about 
3  ns,  but  reveal  a  seasonal  variation  of  about  8  ns  peak-to-peak  which  is  likely  the  result  of  a  temperature- 
dependence  of  the  delays  of  the  GPS  receivers  used.  For  the  comparison  of  both  meth.  -^s  the  stabilities 
of  the  timescales  are  of  great  importance.  Unfortunately  during  the  last  three  months  of  the  experiment  a 
less  stable  clock  had  to  be  used  for  the  generation  of  UTC(TUG). 


INTRODUCTION 


The  GPS  common-view  technique  presently  provides  the  best  operational  means  for  comparing 
remote  time  scales  with  high  precision  and  nanosecond  accuracy  [l].  In  the  future  this  will  change 
with  Selective  Availability  (SA)  turned  on.  The  degradation  caused  by  S.\  can  only  be  overcome  by 
strict  procedural  standardization,  and  if  necessary,  the  use  of  post- processed  ephemerides.  Of  great 
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importance  for  ♦he  obtainable  accuracy  is  the  knowledge  of  the  receiver  delays.  The  differential 
delay  of  the  receivers  can  be  measured  by  receiver  transportation. 

Two-way  time  transfer  via  communication  satellites  using  spread-spectrum  techniques  is  capable 
of  100  ps  precision  but  needs  transmit  and  receive  satellite  terminals  at  both  stations  which  have 
to  work  together  in  pairs  [2].  Accuracies  of  nanosecond  or  even  subnanosecond  level  are  expected 
by  calibration  of  the  station  delays  by  means  of  portable  satellite  terminals. 

Through  the  cooperative  efforts  of  several  laboratories  both  methods  have  been  implemented  at  the 
Observatoire  de  la  Cote  d’Azur  (OCA),  Grasse,  France,  and  the  Technical  University  Graz  (TUG), 
Austria,  allowing  the  comparison  of  these  two  state-of-the-art  techniques  over  a  period  of  nearly 
one  year.  Apart  from  other  reasons  OCA  and  TUG  were  chosen  because  at  that  time  these  stations 
were  the  only  ones  able  to  work  with  LASSO  (Laser  Synchronization  from  Stationary  Orbit),  the 
third  technique  capable  of  nanosecond  accuracy.  Due  to  various  reasons  no  time  transfer  with  that 
accuracy  could  be  obtained  despite  successful  LASSO  sessions  at  both  stations  [3]. 

First  results  of  the  comparison  between  the  GPS  and  two-way  links  have  already  been  published  [4]. 
The  experiment  was  concluded  by  an  independent  “calibration”  (measurement  of  the  differential 
delays)  of  the  GPS  receivers  and  two-way  stations  by  transportation  of  a  GPS  receiver  and  one  of 
the  satellite  terminals.  In  the  following  the  final  results  including  the  “calibration”  will  be  given. 


BASICS  OF  TWO-WAY 


The  two-way  technique  is  used  for  point-to-point  time  transfer  of  highest  precision  and  accuracy. 
Both  laboratories  need  receive  and  transmit  stations  in  order  to  exchange  timing  information  via 
communication  satellites  employing  pseudo  noise  (pn)  coded  signals  and  code  division  multiple 
access  (CDM.4).  The  measurement  consists  of  simultaneous  time  interval  measurements  at  both 
sites  in  which  the  one-pulse-per-second  (1  PPS)  generated  by  the  local  clock  starts  both  the  local 
time  interval  counter  and,  transmitted  via  the  satellite,  stops  the  remote  time  interval  counter.  The 
time  difference  T1  -  T2  between  the  clocks  of  both  stations  is  given  by  the  following  equation  [2]; 


Tl  -  T2  =  1/2(C1  -  C2) 

-f  l/2[{dW  +  d2D)  -  {d2U  +  dlD)] 

+  l/2idl2-d2\)  (1) 

-I-  dJt 

+  l/2[idlTX  -  dlRX)  -  (d2TX  -  d2RX)] 


The  first  term  of  the  right  hand  side  of  equation  ( 1 )  is  given  by  the  difference  of  the  counter  readings 
of  station  1  and  2  which  have  to  be  exchanged  to  compute  the  clock  differences.  The  second  term 
contains  the  differences  of  the  sums  of  the  signal  delays  in  the  uplink  and  downlink  for  both  signal 
directions.  Under  the  a.ssumption  of  path  reciprocity  this  term  cancels  out.  This  assumption  is 
likf'ly  to  hold  to  better  than  100  ps  for  simultaneous  transmissions  at  Ku-band  frequencies  [5].  The 
third  term  contains  the  difference  of  the  transponder  delays  in  both  directions  and  is  also  zero  when 
employing  the  same  transponder  in  both  signal  directions.  In  the  case  of  different  transponders 
for  both  signal  directions,  the  transpond‘’r  delay  difference  has  to  be  known.  The  fourth  term  is 
a  correction  for  the  path  nonreciprocity  caused  by  the  earth  rotation  (Sagnac  effect).  It  can  be 
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computed  from  the  positions  of  the  earth  stations  and  the  satellite  without  requiring  the  knowledge 
of  these  positions  with  high  accuracy.  The  last  term  is  given  by  the  difference  of  the  differential 
delays  of  the  transmit  part  and  receive  part  (station  delays)  of  earth  station  1  and  2.  The  knowledge 
of  these  station  delay  differences  mainly  determines  the  accuracy  of  the  time  comparison. 

The  delay  difference  of  both  stations  can  be  measured  by  means  of  a  third  station  used  as  a  transfer 
standard  or  by  collocation  of  both  stations  involved.  For  the  latter  case  one  obtains  [6]: 

{dlTX  -  d\RX)  -  id2TX  -  d2RX)  =  C2-C1  (2) 

with  the  right  hand  side  of  equation  (2)  being  the  difference  of  the  counter  readings  obtained  during 
collocation  of  the  stations. 


EXPERIMENT  CONFIGURATION  AND  EQUIPMENT 

Each  of  the  time  scales  UTC(OCA)  and  UTC(TUG)  is  generated  by  a  single  atomic  clock.  Fig. 
1  shows  the  frequency  and  time  distribution  and  measurement  set-up  at  OCA  and  Figs.  2  and 
3  present  the  same  for  TUG.  UTC(OCA)  has  been  generated  by  a  HP  .5061A  opt.  004  (CS  560) 
using  the  internal  clock  module.  UTC(TUG)  was  first  generated  by  a  HP  5061A  opt.  004  (CS 
1654)  and  after  its  sudden  break-down  (January  14,  1991)  by  a  HP  5061A  (CS  524)  and  using  an 
e.xternal  clock  module  (DDC  6459)  for  the  generation  of  the  1  PPS. 

The  on-site  GPS  receiver  at  OCA  has  been  an  Allen  Osborne  TTR-5  SN053  and  at  TUG  an  original 
NBS  receiver  (NBS  SN03)  has  been  operated  together  with  a  Stanford  Telecommunications  Inc. 
TTS-502B  SN04.  At  the  beginning  of  the  experiment  TTR-5  and  NBS  03  differed  concerning  the 
use  of  Block  II  satellites  but  this  effect  was  removed  by  a  software  update  which  has  been  in  use 
since  December  12,  1990.  An  Allen  Osborne  TTR-6  SN0262  was  used  as  a  portable  receiver  in  order 
to  measure  the  differential  delay  of  the  on-site  receivers,  thus  enabling  an  absolute  comparison  of 
UTC(OCA)  and  UTC(TUG)  by  means  of  GPS.  For  this  purpose  in  both  stations  also  the  delay 
between  UTC(Lab)  and  the  1  PPS  used  as  time  reference  (1  PPS  Ref)  for  the  portable  receiver 
has  to  be  measured. 

In  the  beginning  the  two-way  measurements  were  carried  out  via  the  SMS  (Satellite  Multi-Service) 
transponder  of  the  European  communication  satellite  EUTELSAT  I-F2  and  since  October  16,  1990 
via  the  SMS  transponder  of  EUTELSAT  I-F4  both  at  a  nominal  position  of  7°E. 

The  satellite  earth  stations  used  were  the  permanent  station  of  TUG  at  the  Observatory  Lustbiihel 
Graz  and  a  temporary  station  at  OCA  of  the  VSAT  type  [6],  which  was  then  used  as  a  portable 
station  to  measure  the  differential  delay  of  the  stations  necessary  for  the  absolute  two-way  compar¬ 
ison  of  UTC(OCA)  and  UTC(TUG).  The  main  characteristics  of  both  stations  are  given  in  Table 
1. 

To  obtain  a  nominal  carrier-to-noise  power  density  ratio  (C/No)  of  55  dBHz  at  both  stations, 
according  to  EUTELSAT  link  budget  calculations  OCA  transmitted  with  its  maximum  EIRP  and 
TUG  with  about  2  dB  more  than  OCA  to  compen.sate  for  the  smaller  G/T  of  the  OCA  station. 
A  block  diagram  of  the  two-way  set-up  employed  at  OCA  and  of  that  at  TUG  including  the 
transported  OCA  station  and  thus  also  showing  the  configuration  u.sed  for  the  measurement  of 
the  differential  delay,  is  given  in  Figs.  1  and  3,  respectively.  Because  of  the  allocated  frequency 
of  14022.0  MHz  for  transmission  and  a  frequency  of  12522.0  MHz  for  reception  resulting  from  the 
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nominal  satellite  translation  frequency  of  1500  MHz,  which  turned  out  to  be  very  stable,  no  problem 
was  caused  by  the  limited  frequency  agility  of  the  VSAT  [6,7]. 


TUG 

OCA 

Location 

15°  30’E 

06°  55’E 

47°  04’N 

43°  45’N 

480  m  MSL 

1260  m  MSL 

Usage 

Antenna: 

various  experiments 

time  transfer  only 

Diameter 

3  m 

1.8  m 

Mount 

steerable 

fixed 

Max.  EIRP 

72  dBW 

49  dBW 

G/T 

Frequency  agility: 
Independence  of 
up  and  down 

23  dB/K 

21  dB/K 

conversion 

yes 

no 

Synthesizer  step-size 

100  Hz 

1  MHz 

Table  1  Main  characteristics  of  the  TUG  and  OCA  earth  stations. 

At  both  stations  MITREX  modems  [8,9]  of  the  original  type  were  used.  The  modems  require 
5  or  10  MHz  as  a  reference  frequency  to  internally  generate  the  1  PPS  which  is  then  modulated 
onto  the  pn-sequence  (derived  from  the  same  reference  frequency)  for  transmission.  The  internally 
generated  1  PPS  (PPS  TX)  can  be  synchronized  with  the  reference  1  PPS  (1  PPS  Ref)  by  an  internal 
synchronization  circuit  or  by  employing  an  external  device  as  done  at  TUG  [lO].  In  contrast  to 
the  basic  two-way  procedure  outlined  in  the  previous  chapter  where  the  1  PPS  generated  by  the 
station  clock  starts  the  local  counter  and  is  transmitted  to  the  remote  station,  in  the  actual  set-up 
the  local  counter  is  started  by  a  1  PPS  generated  by  the  station  clock  the  so-called  reference  1  PPS 
(1  PPS  Ref),  but  the  transmitted  pulse  (PPS  TX)  is  generated  by  the  MITREX  modem.  Therefore 
in  each  station  the  delay  between  UTC(Lab)  and  the  1  PPS  Ref  and  the  delay  between  the  1  PPS 
Ref  and  the  PPS  TX  have  to  be  measured  in  addition  to  the  actual  time  transfer  measurements, 
during  which  the  counter  is  started  by  the  1  PPS  Ref  and  stopped  by  the  received  1  PPS  called 
PPS  RX.  Using  this  procedure  the  start  input  of  the  counter  is  always  connected  to  the  1  PPS  Ref 
and  the  stop  input  is  connected  to  a  PPS  coming  from  the  MITREX  thus  the  configuration  of  each 
counter  input  can  be  set  to  best  fit  the  employed  signals  and  does  not  have  to  be  changed.  The 
stability  of  the  1  PPS  Ref  is  given  by  the  stability  of  the  frequency  standard,  the  clock  and  the 
time  distribution  system  and  that  of  the  PPS  TX  by  the  stability  of  the  frequency  standard,  the 
frequency  distribution  system  and  the  divider  and  synchronization  circuits  of  the  MITREX.  Both 
stations  first  used  counters  of  the  type  HP  5370A,  later  (from  March  20,  1991,  on)  a  HP  5370B 
was  used  at  OCA  until  the  end  of  the  experiment. 


MEASUREMENTS 


Two-way  comparisons  began  on  a  regular  basis  on  June  22,  1990,  ended  on  October  10  and  restarted 
on  November  9  lasting  to  April  17,  1991.  The  interruption  resulted  from  a  break-down  of  the 
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receive  part  of  the  OCA  station  caused  by  humidity  in  the  transmit  reject  filter  oozing  through 
an  improperly  sealed  waveguide  connection  and  required  disassembly  and  reassembly  of  the  driver 
unit. 

A  schedule  of  three  sessions  per  week  (Monday,  Wednesday  and  Friday)  each  lasting  from  12:00  to 
12:30  UTC  was  used.  Initially  each  session  consisted  of  two  measurement  blocks  of  four  minutes 
duration,  each  consisting  of  240  individual  measurements  1  s  apart,  starting  at  12:15  and  12:20 
UTC,  respectively,  and  from  July  30,  1990,  of  two  minutes  duration  starting  at  the  same  times. 
Two  minutes  of  data  have  been  found  sufficient  in  earlier  experiments  to  obtain  good  average  values 
of  the  time  transfer  [11].  Since  November  9, 1990,  a  third  two  minutes  block  was  performed  starting 
at  12:27  UTC  whereby  the  counter  at  OCA  was  started  by  the  PPS  TX  instead  of  the  1  PPS  Ref.  In 
this  measurement  scheme  the  stability  of  the  start  pulse  does  not  depend  on  the  stability  of  the  clock 
module,  but  on  that  of  the  MITREX  divider  and  synchronization  circuits.  On  the  other  hand  it 
requires  trigger  level  adjustment  of  the  start  input  of  the  counter.  This  additional  measurement  was 
introduced  because  it  turned  out  that  the  jitter  of  the  clock  module  used  to  generate  UTC(OCA) 
was  rather  large  (700  ps).  Before  and  after  the  time  transfer  measurements  several  measurements 
were  carried  out  to  determine  the  delay  between  1  PPS  Ref  and  PPS  TX.  Furthermore  also  the 
MITREX  P-signal  and  Delta-f-meter  readings  were  recorded  giving  an  indication  of  changes  in  the 
received  signal  power  and  the  deviation  of  the  center  frequency  of  the  received  signal  from  the 
nominal  70  MHz,  respectively  [10].  However  no  deviations  were  recorded  which  would  cause  a 
modem  delay  change  exceeding  200  ps.  In  order  to  study  the  stability  of  the  measurements  over 
longer  periods  on  August  20,  22  and  24,  1990  and  March  27  and  29,  1991  only  one  block  per  session, 
but  lasting  about  twenty  minutes,  was  carried  out  [4].  The  measurement  of  the  differential  delay 
of  the  stations  was  performed  on  April  23  and  24,  1991,  with  one  measurement  block  (12:25  to 
12:28  UTC)  on  the  first  day  and  on  the  second  day  three  measurement  blocks  lasting  four  minutes 
and  starting  at  12:05,  12:10  and  12:15  UTC  and  a  fourth  block  of  19  minutes  duration  beginning 
at  12:40  UTC. 

The  delay  between  UTC(Lab)  and  the  1  PPS  Ref  for  the  two-way  measurements  and  the  delay 
between  UTC(Lab)  and  the  1  PPS  Ref  for  the  GPS  measurements  were  measured  at  TUG  at  the 
b^einning  of  the  experiment  and  during  the  MITREX  and  GPS  delay  comparisons  and  at  OCA 
the  final  measurements  of  these  delays  were  carried  out  after  the  experiment. 

At  TUG  the  same  trigger  level  was  used  for  the  start  and  stop  channel  of  the  counter  throughout 
the  experiment  and  also  at  OCA  until  September  19,  1990.  Then  OCA  changed  the  start  and  stop 
trigger  levels  after  using  a  different  stop  trigger  level  on  September  21  and  24.  During  the  third 
session  both  trigger  levels  were  the  same.  During  the  collocation  of  the  stations  on  April  23  and 
24  the  OCA  counter  was  adjusted  for  the  usual  start  and  stop  trigger  levels,  but  for  the  last  block 
another  start  trigger  level  was  used. 

GPS  measurements  have  been  carried  out  for  years  at  OCA  and  TUG  using  the  European  common- 
view  schedules  issued  by  the  Bureau  International  des  Poids  et  Mesures  (BIPM).  Thus  at  the 
beginning  of  the  experiment  schedule  No.  15  issued  on  June  12,  1990,  was  used.  This  schedule 
includes  Block  I  and  Block  II  satellites.  The  daily  distribution  of  the  13  minutes  tracks  (32  per 
day)  is  shown  in  Fig.  4  revealing  the  changing  and  gradually  degrading  configuration  of  tracks 
around  the  two-way  measurements.  Therefore  starting  with  December  19  for  OCA  and  TUG  a 
special  schedule  (48  tracks  per  day)  including  the  European  schedule  No.  16  was  introduced  and 
u.sed  until  the  end  of  the  experiment  (see  Fig.  5). 

The  delay  comparisons  between  TTR-5  and  NBS  03  by  means  of  TTR-G  wore  carried  out  in  the 
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time  frame  March  30  until  May  21  starting  (March  30  to  April  8)  and  ending  (May  16  to  May  21) 
with  comparisons  between  TTR-6  and  the  on-site  receiver  (TTR-5  SN051)  of  the  Paris  Observatory 
(OP).  The  comparisons  at  OCA  were  performed  during  the  period  April  11  to  19  and  April  30  to 
May  15  and  that  at  TUG  during  the  period  April  22  to  27. 


DATA  PROCESSING  AND  RESULTS 

Nearly  all  GPS  data  were  common-view  data  in  the  strict  sense  but  also  tracks  with  a  maximum 
tolerance  of  4  minutes  were  used.  All  time  comparisons  were  referred  to  the  midpoints  of  the  tracks 
and  restricted  to  tracks  with  elevation  angles  greater  than  10°  and  a  standard  deviation  below  20  ns. 
Furthermore  all  satellites  reported  as  unusable  by  the  U.S.  Naval  Observatory  (USNO)  including 
Block  II  satellites  v  a  SA  [1]  on  were  discarded  and  also  all  tracks  between  August  5,  7:22  and 
August  10,  8:06  were  not  used  because  they  were  not  valid  due  to  receiver  problems  at  OCA.  The 
average  standard  deviation  of  the  13  minutes  tracks  for  OCA  and  TUG  was  about  5  ns  and  4  ns, 
respectively. 

In  order  to  derive  the  two-way  time  differences  UTC(TUG)  -  UTC(OCA),  in  a  first  step  for  each 
measurement  block  the  expected  value  -  referred  to  the  midpoint  of  the  block  -  of  a  linear  re¬ 
gression  through  the  second-to-second  differences  divided  by  two  and  the  standard  deviations  were 
computed. 

Fig.  6  depicts  the  standard  deviations  of  all  sessions  including  the  sessions  performed  at  TUG  in 
order  to  measure  the  differential  delay.  The  values  which  are  higher  than  the  usual  ones  (on  average 
0.8  ns  until  February)  for  a  given  period  of  time  are  caused  by  outliers  in  the  measurements  of  OCA 
and  TUG  or  in  several  cases  of  OCA  only  because  of  the  rather  large  jitter  of  the  1  PPS  Ref  at 
OCA.  This  can  be  seen  from  the  data  of  each  station  by  computing  a  second  order  regression  and 
studying  the  residuals  and  also  from  the  generally  smaller  standard  deviations  of  the  third  block 
(at  OCA  PPS  TX  starts  the  counter)  until  the  change  over  from  the  high  performance  clock  to 
the  standard  clock  at  TUG  (dashed  vertical  line  in  Fig.  6).  The  larger  standard  deviations  of  all 
measurement  blocks  on  December  10  are  explained  by  the  presence  of  an  unknown  carrier  within 
the  allocated  two-way  frequency  band.  The  gradual  increase  of  the  standard  deviations  beginning 
with  February  is  probably  due  to  a  degradation  of  the  performance  of  the  satellite  link.  For  the 
data  actually  used  outliers  v/ere  eliminated  from  the  two  minutes  sessions  using  a  window  of  ±3 
ns  around  the  expected  value.  But  using  all  data  of  a  measurement  block  or  onl^  the  data  with 
outliers  removed  yielded  at  a  maximum  a  difference  of  0.16  ns  for  the  expected  value  of  the  block. 

The  midpoint  value  was  corrected  by  the  differences  (i  PPS  Ref  -  PPS  TX)  measured  in  both 
stations.  For  each  session  a  mean  of  the  (1  PPS  Ref  -  PPS  TX)  measurements  each  consisting 
of  a  block  of  hundred  measurements  1  s  apart  was  computed.  The  average  standard  devia¬ 
tion  of  these  blocks  of  hundred  measurements  at  TUG  and  OCA  was  0.06  ns  and  0.7  ns,  re¬ 
spectively.  The  higher  standard  deviations  at  OCA  results  from  the  poor  performance  of  the 
clock  module  use^  at  OCA.  For  the  first  two  blocks  of  a  session  this  correction  is  given  by 
1/2[{1  PPS  Ref  -  PPS  TX)TUG  -  (1  PPS  Ref  -  PPS  TX)OCA]  and  for  the  third  block  (counter 
started  by  PPS  TX  at  OCA)  the  correction  is  [1/2(1  PPS  Ref  -  PPS  TX)TUG  -  (1  PPS  Ref 
-  PPS  TX)OCA].  No  further  correction  for  the  third  block  is  required  because  the  cable  which  was 
used  between  the  start  input  of  the  counter  and  the  PPS  TX  of  the  modem  was  of  the  same  length 
as  that  used  between  the  stop  input  and  the  PPS  RX. 
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Using  the  data  thus  obtained  Fig.  7  shows  the  difference  UTC(TUG)  -  UTC(OCA)  obtained  by 
GPS  and  two-way  (without  corrections  for  the  GPS  and  two-way  differential  delays)  after  removing 
all  time  steps  (OCA:  Oct.  20,  20  ^s;  TUG:  Dec.  19,  9  s  and  Jan.  14,  274  ns)  and  a  slope  of 
117.88  ns  per  day  before  the  clock  change  at  TUG  and  a  slope  of  159.88  ns  per  day  after  the  change. 
The  dashed  vertical  lines  in  this  and  following  figures  indicate  the  change  of  the  schedule  and  of 
the  clock  at  TUG. 

The  result  of  the  GPS  receiver  delay  comparisons  performed  at  OP,  OCA  and  TUG  is  given  in 
Table  2  [12]. 


Laboratory 

Date 

No.  of  tracks 

Mean' 

ns 

Std.  Dev. 

ns 

OP 

Mar.  30  -  Apr.  7 

292 

-0.9 

2.3 

OCA 

Apr.  12  -  Apr.  15 

154 

17.6 

2.0 

TUG 

Apr.  23  -  Apr.  26 

158 

10.3 

2.0 

OCA 

May  1  -  May  12 

452 

15.7 

1.6 

OP 

May  17  -  May  20 

147 

-1.8 

2.2 

This  is  the  mean  of  [UTC(Lab)  -  GPS-time]TTR-6  -  [UTC(Lab)  -  GPS-tinie]Lab  given 


by  the  single  tracks. 


Table  2  Results  of  the  differential  delay  measurements  obtained 
by  transportation  of  GPS  receiver  TTR-6. 

According  to  the  values  given  in  Table  2  (using  the  mean  of  the  data  obtained  at  OCA)  the  difference 
UTC(TUG)  -  UTC(OCA)  obtained  from  the  uncorrected  GPS  data  has  to  be  corrected  by  -6.4  ns. 
The  uncertainty  estimated  from  the  repeated  comparisons  at  OP  and  OCA  is  1.5  ns  [12]. 

The  result  of  the  delay  comparison  of  the  two-way  stations  performed  at  TUG  is  given  in  Table  3. 


Date 

No.  of  Measurements 

.Mean 

ns 

Std.  Dev. 

ns 

Apr.  23 

128 

-81.37 

1.2> 

Apr.  24  (Block  1  -  3) 

720 

1.0 

Apr.  24  (Block  4) 

1140 

-81.41^ 

1.0 

VS'^T  not  optimally  pointed 

^This  value  is  already  corrected  for  the  different  trigger  levels  used  (see  chapter 


MEASUREMENTS) 


Table  3  Differential  delay  of  the  two-way  stations  obtained  by  sta¬ 
tion  collocation  at  TUG.  The  overall  mean  is  -81.3  ns. 

In  order  to  obtain  UTC(TUG)  -  UTC(OCA)  via  two-way  the  data  already  corrected  by  (1  PPS  Ref 
-  PPS  TX)  have  to  be  corrected  further  by  the  differential  delay  of  the  stations  being  -81.3  ns  and 
by  the  difference  (UTC(Lab)  -  1  PPS  Ref)  of  both  stations  being  307.7  ns.  Finally  the  correction 
for  the  Earth  rotation  (Sagnac  effect)  amounting  to  -22.2  ns  has  to  be  applied.  This  results  in  a 
total  two-way  correction  of  204.2  ns. 

Considering  the  change  of  the  trigger  level  of  the  counter  at  OCA  (.se<>  chapter  MEASUREMENTS) 
a  correction  of  1  ns  has  to  be  applied  to  the  data  of  September  21  and  24  and  one  of  3  ns  to  the 
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data  before  September  21.  Unfortunately  these  offsets  caused  by  the  change  of  the  trigger  levels 
were  not  measured  but  can  be  estimated  from  the  shape  of  the  pulses  involved  with  an  uncertainty 
of  about  0.5  and  1  ns,  respectively. 

Fig.  8  shows  UTC(TUG)  -  UTC(OCA)  via  GPS  and  via  two-way  for  a  period  of  five  days  after 
applying  all  of  the  above  corrections.  Evidently  the  GPS  data  have  to  be  smoothed  and  interpolated 
to  get  GPS  time  transfer  results  concurrent  with  the  two-way  measurements. 

In  order  to  find  the  degree  of  smoothing  to  be  applied  to  the  GPS  data  to  smooth  the  measurement 
noise  without  smoothing  out  the  clock  noise,  Allan  variances  from  the  data  shown  in  Fig.  7  were 
computed  (see  Fig.  9).  The  MITREX  points  with  two  minutes  sampling  time  were  computed  from 
two  minutes  smoothed  data  obtained  from  the  long  measurement  blocks  performed  in  August  1990 
and  March  1991.  Also  shown  in  Fig.  9  are  the  Allan  variances  computed  from  the  data  presented  in 
Fig.  11  (difference  between  [UTC(TUG)  -  UTC(OCA)]  measured  by  two-way  and  GPS).  The  data 
were  further  analysed  by  computation  of  the  modified  Allan  variance  [13]  revealing  white-noise  PM 
for  the  data  marked  by  slope  =  -1.  For  the  two-way  minus  GPS  measurement  results  this  applies 
to  an  averaging  time  of  about  60  days.  The  smoothing  time  obtained  for  the  period  comparing 
the  two  high  performance  clocks  (CS  1654  and  CS  560)  is  about  8  hours  and  that  for  the  period 
comparing  the  standard  clock  with  the  high  performance  clock  is  about  1  hour.  For  appropriate 
sections  of  the  data  different  smoothing  and  interpolation  techniques  including  Vondrak  smoothing 
combined  with  Lagrange  interpolation  -  routinely  used  at  BIPM  for  GPS  data  processing  -  were 
applied,  but  gave  about  the  same  results.  The  problem  is  that  before  the  change  of  the  tracking 
schedule  there  were  stable  clocks,  but  for  most  of  the  time  there  was  only  a  small  number  of  GPS 
tracks  near  the  time  of  the  two-way  measurements  and  that  after  the  change  very  soon  at  TUG 
one  had  to  switch  over  to  a  less  stable  clock.  Thus  only  a  short  intermediate  period  represents  the 
ideal  situation  of  stable  clocks  and  many  GPS  tracks  near  the  time  of  the  two-way  measurements. 
Considering  the  facts  given  above  the  GPS  data  were  smoothed  by  the  computation  of  the  means 
for  the  given  smoothing  periods  of  eight  hours  and  one  hour  around  the  two-way  measurements, 
using  the  data  with  the  mean  difference  of  the  clock  rates  already  removed.  The  result  obtained 
for  [UTC(TUG)  -  UTC(OCA)]MITREX  -  [UTC(TUG)  -  UTC(OCA)]GPS  is  given  in  Fig.  10.  The 
lower  trace  in  this  figure  indicates  the  number  of  tracks  per  smoothing  period.  The  choice  of  the 
smoothing  periods  used  was  confirmed  by  using  other  smoothing  periods  which  gave  a  larger  scatter 
of  the  data  especially  for  longer  smoothing  times  during  the  period  with  the  standard  clock. 

After  the  repair  CS  1654  was  reconnected  to  the  measurement  system  on  January  17,  1991.  This 
means  a  comparison  with  the  other  TUG  clocks  every  hour  and  at  GPS  measurement  times  and 
a  continuous  phase  recording  (0.5  ns  resolution)  with  CS  524.  It  was  thus  possible  to  replace  CS 
524  by  CS  1654  in  the  computations  of  the  two-way  and  GPS  differences.  Using  CS  1654  and  eight 
hour  smoothing  (from  January  22,  1991)  instead  of  CS  524  and  one  hour  smoothing  shows  the  same 
long  term  behaviour  of  the  data  as  in  Fig.  10,  but  less  scatter  (see  Fig.  11). 

At  TUG  temperature,  humidity  and  air  pressure  are  recorded  every  hour  and  for  all  GPS  measure¬ 
ments.  The  daily  outside  temperature  at  TUG  for  12  UTC  is  shown  in  Fig.  12  and  that  at  OCA 
for  the  days  of  two-way  measurements  is  shown  in  Fig.  13.  Also  given  (Fig.  14)  is  the  differential 
delay  of  the  two  GPS  receivers  permanently  operated  at  TUG. 
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ANALYSIS  OF  RESULTS  AND  CONCLUSION 


The  data  presented  in  Figs.  10  and  11  show  the  agreement  between  UTC(TUG)  -  UTC(OCA) 
obtained  by  two-way  and  UTC(TUG)  -  UTC(OCA)  obtained  by  GPS  after  having  independently 
“calibrated”  (measurement  of  the  differential  delays  of  the  two-way  and  GPS  equipment)  both 
comparison  methods  at  the  end  of  the  experiment. 

Estimates  of  the  time  comparison  accuracy  obtained  by  GPS  can  be  found  in  the  literature  [l].  For 
distances  up  to  1000  km  and  station  coordinates  known  to  better  than  30  cm  and  no  difference  in 
receiver  software  one  obtains  for  a  single  common-view  track  about  9  ns  and  for  10  common- view 
tracks  (one  day  average)  about  3.4  ns  assuming  an  uncertainty  of  the  relative  receiver  delay  of  2  ns, 
but  without  considering  contributions  caused  by  the  noise  of  the  station  clocks  and  the  rise  time  of 
the  reference  pulses.  The  OCA-TUG  baseline  is  about  800  km  and  the  GPS  antenna  coordinates 
of  both  stations  are  known  with  an  uncertainty  of  10  cm  in  the  ITRF-88  [14]. 

An  attempt  of  an  error  budget  for  the  two-way  time  transfer  is  given  in  Table  4. 


UTC(Lab)  -  1  PPS  Ref 

0.5  ns 

Counter 

0.5  ns 

MITREX 

1.0  ns 

Earth  station  delay  (relative) 

1.2  ns 

Transponder  delay  (relative)^ 

0.0  ns 

Satellite  link  (Ku-band) 

0.1  ns 

Sagnac  effect 

0.1  ns 

Total 

1.7  ns 

*  The  same  frequency  band  of  one  transponder  is  used 
for  both  signal  directions 


Table  4  Error  budget  for  the  two-way  time  transfer  (about  100 
measurements  1  s  apart).  Possible  contributions  due  to  coherence 
among  signals  are  not  considered  here  [15]. 

Because  the  two-way  minus  GPS  differences  exhibit  white-noise  PM  up  to  an  averaging  time  of 
about  60  days  (see  chapter  DATA  PROCESSING  AND  RESULTS)  the  computation  of  the  mean 
is  justified  for  data  intervals  up  to  this  length.  The  means  of  the  last  28  and  56  days  computed 
from  the  data  shown  in  Figs.  10  and  11  are  given  in  Table  5. 


Data 

Date 

No.  of  Measurements 

Mean 

ns 

Std.  Dev. 

ns 

Fig.  10 

Mar.  20  -  Apr.  17 

28 

3.3 

4.3 

Feb.  18  -  Apr.  17 

59 

3.2 

3.4 

Fig.  11 

Mar.  20  -  Apr.  17 

28 

3.7 

3.2 

Feb.  18  -  Apr.  17 

59 

3.1 

2.5 

Table  5  Difference  of  [UTC(TUG)  -  UTC(OCA)]  measured  by  two- 
way  and  GPS  after  having  independently  “calibrated”  both  links. 


79 


The  result  is  in  good  agreement  with  the  total  uncertainty  estimate  of  the  GPS  and  two-way  delay 
comparisons.  The  mean  computed  over  the  full  data  length  is  3.6  ns  for  both  data  sets. 

Comparing  Figs.  10  and  11  with  Figs.  12  and  13  reveals  an  obvious  correlation  between  the  long 
term  behaviour  of  the  difference  of  [UTC(TUG)  -  UTC(OCA)]  obtained  by  two-way  and  GPS  and 
the  outside  temperature  recorded  at  TUG  and  OCA.  For  the  duration  of  the  experiment  the  data 
given  in  Figs.  10  and  11  can  well  be  approximated  by  third  order  polynomials.  The  residuals  from 
these  polynomials  fitted  to  the  data  (solid  line)  have  a  standard  deviation  of  3.3  ns  (Fig.  10)  and 
2.6  ns  (Fig.  11),  respectively.  The  peak-to-peak  variation  is  about  8  ns. 

Different  contributions  causing  the  temperature-dependent  behaviour  are  conceivable,  but  the  main 
contribution  is  most  likely  explained  by  a  different  temperature  behaviour  of  the  GPS  receivers 
used.  This  becomes  even  more  evident  from  Fig.  14,  which  shows  the  differential  delay  of  the  two 
GPS  receivers  permanently  operated  at  TUG.  Using  TTS-502B  instead  of  NBS  03  for  the  time 
comparison  between  TUG  and  OCA  reduces  the  temperature  dependence  by  about  20  percent  (see 
dashed  line  in  Fig.  10). 

The  experiment  allowed  to  compare  the  accuracies  of  the  two  most  accurate  time  transfer  methods 
nowadays  in  operation  and  demonstrated  the  feasibility  of  earth  station  delay  comparison  by  means 
of  a  portable  station.  The  main  problem  in  the  comparison  of  both  methods  resulted  from  the  clock 
noise  and  therefore  for  future  experiments  addressing  this  question  the  most  stable  clocks  and  a 
well  balanced  GPS  tracking  schedule  should  be  used.  Furthermore  all  equipment  employed  should 
be  checked  carefully  before  the  experiment  to  detect  a  possible  systematic  behaviour  affecting 
the  measurement  accuracy.  Concerning  the  temperature-dependence  of  the  delays  of  the  outdoor 
units  (antenna,  preamplifier/mixer,  cable)  of  the  GPS  receivers  this  could  be  done  in  a  temperature 
chamber  using  a  GPS  signal  simulator.  GPS  receiver  delay  comparisons  by  receiver  transport  should 
be  repeated  in  course  of  the  experiment  in  order  to  check  the  consistency  of  the  measurements  and 
it  would  he  advisable  to  operate  more  than  one  GPS  receiver  at  each  site.  Also  the  delays  of  the 
two-way  systems  should  be  compared  several  times  and  the  satellite  terminals  should  preferably  be 
adapted  to  detect  delay  variations  by  use  of  local  means  such  as  a  satellite  simulator.  By  selecting 
appropriate  equipment  and  careful  operation  the  first  four  contributions  to  the  error  budget  given 
in  Table  4  may  be  reduced  by  at  least  a  facioi  of  three  leading  to  a  two-way  accuracy  of  about  0.5 
in.  Similar  accuracies  are  expected  for  GPS  using  geodetic  receivers  and  ultra-precise  ephemerides 
[11- 
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Fig.  1  Frequency  and  time  distribution,  as  well  as  GPS  and 
two-way  set-up  at  OCA. 


Fig.  2  Frequency  and  time  distribution,  as  well  as  GPS  set-up  at 
TUG. 
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Fig.  5  Special  OCA  and  TUG  schedule  including  European  schedule 
No.  16  valid  since  December  19,  1991. 
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Fig.  6  Standard  deviations  of  all  two-way  sessions  including  the 
sessions  for  delay  comparison. 
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Fig.  10  Difference  between  [U'T’r(TUG)  -  UTC(OCA)]  measured  by 
twr>-w;^y  and  GPS,  and  number  of  tracks  per  smoothing  period. 
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Abstract 

Interferometric  spacecraft  tracking  is  accomplished  by  the  NASA  Deep  Space  Network  (DSN)  by 
comparing  the  arrival  time  of  electromagnetic  spacecraft  signals  at  ground  antennas  separated  by  base¬ 
lines  on  the  order  of  8000  km.  Clock  synchronization  errors  within  and  between  DSN  stations  directly 
impact  the  attainable  tracking  accuracy,  with  a  0.3  ns  error  in  clock  sync  resulting  in  an  11  nrad  angular 
position  error .  This  level  of  synchronization  is  currently  achieved  by  observing  a  quasar  which  is  angu¬ 
larly  cbse  to  the  spacecraft  just  after  the  spacecraft  observations.  By  determining  the  differential  arrival 
times  of  the  random  quasar  signal  at  the  stations,  clock  synchronization  and  propagation  deltas  within 
the  atmosphere  and  within  the  DSN  stations  are  calibrated.  Recent  developments  in  time  transfer  tech¬ 
niques  may  allow  medium  accuracy  (50-100  nrad)  spacecraft  observations  without  near-simultaneous 
quasar-based  calibrations.  Solutions  are  presented  for  a  global  network  of  GPS  receivers  in  which  the 
formal  errors  in  clock  offset  parameters  are  less  than  0.5  ns.  Comparisons  of  clock  rate  offsets  derived 
from  GPS  measurements  and from  very  long  baseline  interferometry  and  the  examination  of  clock  closure 
suggest  that  these  formal  errors  are  a  realistic  measure  of  GPS-based  clock  offset  precision  and  accuracy. 

Incorporating  GPS-based  clock  synchronization  measurements  into  a  spacecraft  differential  ranging 
system  would  aUow  tracking  without  near-simultaneous  quasar  observations.  The  impact  on  individual 
spacecraft  navigation  error  sources  due  to  elimination  of  quasar-based  calibrations  is  presented.  Sy.stem 
implementation,  including  calibration  of  station  electronic  delays,  is  discussed. 


1.  Introduction 

NASA's  I)pop  Space  Network  (DSN)  supports  spacecraft  navigation  for  an  international  coininunity 
of  users.  In  order  to  complete  most  missions  successfully,  the  location  of  the  spacecraft  must  be 
determined  with  very  high  accuracy.  This  is  done  by  comparing  the  arrival  time  of  a  signal  broadcast 
by  tlie  spacecraft  as  it  is  received  at  two  widely  separated  DSN  stations,  'fhe  delay  observable  thus 
for'ued  provides  some  of  the  data  from  which  the  spacecraft's  orbit  is  determined. 

'  I'tic  work  ribf'd  in  this  paper  was  carried  out  by  the  .let  Propulsion  I,abr)ratory,  (California  Institute  of 
ter  linolugy,  under  contrar  t  with  the  National  Aeronautics  and  Space  Administration. 
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Most  of  the  observed  time  delay  between  two  stations  is  due  to  the  geometry  of  the  spacecraft  and 
receiving  stations;  however,  delays  due  to  solar  plasma,  the  atmosphere  of  the  earth,  ground  station 
instrumentation,  and  general  relativity  also  play  a  rcle.  This  measurement  technique  is  shown  in 
Figure  1  and  is  called  very  long  baseline  interferometry  (VLBI).  In  order  to  determine  the  angle, 
0,  giving  the  direction  to  the  spacecraft  to  an  accuracy  of  (SQ,  the  error  in  determining  the  delay, 
can  be  no  more  than: 


St<-8Q  (1) 

c 

where  D  is  the  separation  of  the  stations  and  c  is  the  speed  of  light.  Clearly,  it  is  advantageous 
to  use  the  longest  baselines  possible.  Currently  there  are  three  DSN  complexes  at  Goldstone, 
California;  Madrid,  Spain;  and  Canberra,  Australia.  Thus,  a  typical  DSN  baseline  is  8000  km. 
A  typical  medium-accuracy  tracking  requirement  is  50  nrad.  Using  equation  (1)  we  arrive  at  a 
maximum  error  of  1.33  ns.  In  order  to  keep  the  total  error  in  delay  within  this  limit,  the  effective 
VLBI  clock  synchronization  must  be  much  better  than  1  ns.  Sub-nanosecond  time  transfer  is 
a  difficult  problem,  yet  50  nrad  accuracy  of  spacecraft  angular  position  in  the  radio  reference 
frame  is  routinely  obtained,  and  5  nrad  accuracy  is  achieved  in  special  cases.  This  high  level 
of  performance  is  accomplished  by  using  the  signals  from  an  extra-galactic  radio  source  (quasar) 
to  calibrate  spacecraft  observations.  The  radio  signal  from  the  quasar  is  essentially  wide-band 
random  noise,  so  when  the  recorded  signals  from  the  two  stations  are  cross-correlated,  significant 
correlation  amplitude  arises  only  when  the  quasar  delay  is  precisely  matched.  This  has  the  effect  of 
measuring  the  station  clock  offset  as  well  as  differencing  out  many  of  the  errors  which  are  common 
to  the  quasar  and  spacecraft  observations.  The  spacecraft  signal  spectrum  contains  tones  which 
are  used  to  measure  a  one-way  range  from  the  spacecraft  to  the  earth  station.  An  observable 
formed  by  subtracting  the  quasar  delay  from  the  spacecraft  one  way  range,  difference  between 
stations,  determines  one  component  of  the  geocentric  angle  between  the  spacecraft  and  quasar. 
Measurements  must  be  made  on  two  baselines  to  determine  both  components  of  angular  position. 

An  error  budget  for  spacecraft-quasar  differential  VLBI  delay  measurements  is  given  in  Table 
1.  This  error  estimate  is  based  on  expected  DSN  receiver  performance  and  calibration  systems 
capabilities  in  the  late  1990’s.  [4].  The  root-sum-square  error  is  0.22  ns.  By  contrast,  systems 
operating  today  provide  an  accuracy  of  about  0.67  ns.  [3]. 


Error  Source 

Magnitude 

(ns) 

Quasar  SNR 

0.11 

Spacecraft  SNR 

0.033 

Quasar  Position 

0.066 

Clock  Offset 

0.030 

Phase  Ripple 

0.10 

Station  Location 

0.033 

Earth  Orientation 

0.056 

Troposphere 

0.080 

Ionosphere 

0.010 

Solar  Plasma 

0.017 

RSS; 

0.22 

Table  I:  Spacecraft-Quasar  differential  VLBI  error  budget 
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Although  this  method  provides  accuracy  sufficient  to  carry  out  deep  space  missions,  it  lias  soiik' 
drawbacks.  In  order  to  be  useful,  the  quasar  observations  must  be  made  as  close  in  time  as  possible 
to  the  spacecraft  ob.servations.  In  order  to  view  the  quasar,  the  antenna  must  be  physically  pointa'd 
at  the  quasar  and  is  unable  to  receive  signals  from  the  spacecraft.  .As  a  result,  the  phase  data  from 
the  spacecraft  is  not  continuous,  which  results  in  a  weaker  orbit  solution  and  a  gaj)  in  siiacecraft 
telemetry  while  the  (piasar  is  being  observed. 

Quasar  observations  also  complicate  the  hardware  otherwi.se  recpiired  to  track  a  spacecraft.  The 
quasar  is  a  wideband  radio  source,  and  so  a  wide  bandwidth  is  required  to  record  and  process  the 
quasar  data.  If  the  quasar  could  be  dispensed  with,  only  the  phases  of  the  received  spacecraft 
signals  at  each  time  point  would  need  to  be  recorded.  In  the  quasar-less  system  proposed  here,  50 
nrad  observables  could  be  available  in  near-real-time.  The  number  of  bits  resulting  from  spacecraft 
traiking  would  be  reduced  from  10®  to  10^. In  this  paper,  we  will  examine  medium-accuracy  deep 
space  tracking  as  an  application  of  sub-nano.second  clock  synchronization.  We  will  begin  by  defining 
the  retpiirements  50  nrad  tracking  accuracy  places  on  the  clock  synchronization  system.  We  will 
then  discuss  recent  results  obtained  using  the  U.  S.  Global  Positioning  System  (GPS)  satellites  for 
clock  synchronization  which  indicate  this  level  of  accuracy  may  be  possible  on  an  operational  basis. 
Finally,  we  will  discuss  the  hurdles  remaining  before  this  technology  can  be  implemented. 


2.  Clock  Synchronization  Requirements 

Time-transfer  aided  spacecraft  tracking  will  never  be  able  to  achieve  the  accuracy  possible  using 
cjuasar-based  differential  VLBI.  This  is  because  in  differencing  the  quasar  signals,  many  of  the  media 
errors  affecting  the  signal  are  differenced  out  as  well.  Without  quasar  differencing,  the  errors  due 
to  station  location,  earth  orientation,  troposphere  and  ionosphere  would  increase  by  a  factor  of  2  to 
1.  The  (iPS  solution  from  which  the  VLBI  clock  offset  will  be  derived  can  also  be  used  to  provide 
calibrations  for  earth  orientation  and  troposphere  and  ionosphere  delays.  We  will  assume  that 
these  errors  increase  by  a  factor  of  three  compared  to  quasar  calibrated  VLBI.  Of  the  remaining 
errors,  those  pertaining  to  quasar  SNR  and  quasar  location  are  eliminated  with  the  elimination 
of  the  quasar.  The  errors  due  to  spacecraft  SNR,  phase  ripple,  and  solar  plasma  would  remain 
unchanged.  If  GPS  is  u.sed  to  estimate  dock  offsets  every  six  minutes  during  the  spacecraft  pass, 
the  clock  instability  error  remains  roughly  the  same.  The  RSS  of  all  errors  excluding  the  clock 
is  0.551  ns.  This  leaves  1.2  ns  maximum  allowable  clock  synchronization  error,  which  includes 
instrumental  errors  incurred  in  tying  GPS  time  to  VLBI  time.  .4  reasonable  system  allocation  is 
0.5  ns  for  clock  synchronization  errors. 


3.  Achieving  Sub-Nanosecond  Clock  Synchronization 

Since  the  inception  of  the  Global  Positioning  System  in  1978,  the  possibility  of  using  it  for  high 
accuracy  clock  synchronization  has  matured  rapidly.  The  number  of  GPS  satellites  has  recently 
reached  Hi.  and,  in  addition,  capable  p-code  receivers  have  proliferated.  For  this  reason,  the 
possibility  of  achieving  ns  and  better  clock  synchronization  using  the  GPS  system  has  been  studif'd 
[5,1,9,16,6]. 

In  order  to  investigate  the  feasibility  of  meeting  the  requirements  posed  in  section  2.  the  authors 
investigated  clock  offset  solutions  for  a  global  network  of  Rogue  [10]  GPS  receivers  which  was 
assembled  for  the  IFRS  GIG-'Ol  campaign  in  January  and  February  of  1991  [11].  (dock  offsi'ls 
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\vere  calculated  for  the  three  DSN  sites  and  compared  with  clock  data  derived  from  V'LBI  quasar 
measurements.  A  closure  measurement  was  made  to  verify  the  internal  consistency  of  the  method. 


3a.  Comparison  With  VLBI 

The  ClICl-’Ol  data  from  the  21  global  Rogue  sites  were  processed  with  the  Jet  Propulsion  Lab¬ 
oratory’s  GIPSY  software.  A  general  description  of  the  square-root  Kalman  filtering  algorithms 
used  for  determination  of  timing  and  geodynamical  parameters  simultaneously  along  with  GPS 
orbits  is  described  in  detail  by  Lichten  [7,8,  and  references  therein].  Estimated  parameters 
included:  GPS  positions  and  velocities,  three  solar  pressure  coefficients  per  satellite,  GPS  carrier 
phase  biases,  non-fiducial  station  coordinates,  variations  in  Earth  rotation  (UTl-UTC),  random 
walk  zenith  troposjjhere  delays  for  each  site,  and  white  noise  transmitter/receiver  clocks.  The  only 
significant  constraint  imposed  on  the  estimated  parameters  was  the  random  walk  constraint  for 
the  tropospheric  delay,  [.'2cm/\/hr  (the  random  walk  model  adds  process  noise  to  the  system  such 
that  in  the  absence  of  data,  the  uncertainty  for  the  parameter  increases  as  the  square-root  of  time). 
All  other  estimated  parameters,  including  the  clocks,  were  essentially  unconstrained.  The  white 
noise  [8,2]  clock  model  for  the  station  and  satellite  clocks  corresponds  to  estimation  of  a  new  and 
independent  clock  offset  for  each  receiver/transmitter  (one  ground  clock  was  held  fixed  as  reference 
for  all  the  other  clocks  in  the  .system)  at  each  measurement  time  (every  six  minutes  in  this  case), 
rids  approach  is  very  conservative,  since  most  of  the  GPS  clocks  and  many  of  the  receiver  clocks 
were  running  u.T atomic  standards  (high  quality  hydrogen  masers  for  the  three  Deep  Space  Network 
sites)  and  it  would  be  quite  reasonable  to  apply  constraints  based  on  known  stable  behavior  of  such 
clocks.  However,  we  wished  to  te.st  the  capability  of  GPS  to  independently  and  completely  char¬ 
acterize  all  the  clocks  in  the  system  without  a  priori  knowledge  and  therefore  used  the  white  noise 
model.  Coordinates  for  two  fiducial  sites,  Goldstone  (California)  and  Kootwijk  (Netherlands),  were 
held  fixed  (not  estimated)  to  their  SV.'i  values.  SVo  is  a  reference  frame  defined  primarily  by  VLBI 
measurements  of  baselines  and  satellite  la.ser  ranging  determination  of  the  geocenter  [12],  Three 
geocenter  parameters  were  also  estimated,  representing  a  translation  estimated  from  the  GPS  data 
for  the  Earth  renter  of  mass  relative  to  the  nominal  SV5  origin.  The  GPS  data  were  initially  filtered 
in  2  1-hr  increments,  with  new  solutions  for  the  orbits  determined  for  each  day.  Since  the  computed 
formal  errors  for  the  estimated  clock  offsets  appeared  to  be  well  below  1  ns  (typically  several  tenths 
of  ns),  in  some  cases  we  used  12-hr  .solution  arcs  in  order  to  shorten  the  processing  time. 

file  nominal  time  series  for  both  polar  motion  and  UTl-UTC  was  from  the  International  Earth 
Rotation  Service  (lERS)  Bulletins  B37  and  B38,  which  contain  a  smoothed  time  series  from  VLBI 
measurements  separated  by  •')  days.  The  GPS  data  were  used  to  estimate  variations  in  UTl-UTC 
twice  per  day  relative  to  this  nonnnal  time  .series.  These  Earth  rotation  estimates  had  only  an 
insignificant  effect  on  the  clock  estimates.  In  order  to  tie  GPS  data  to  the  DSN  station  clocks, 
the  Rogue  GPS  receiver  was  fed  a  o  MHz  reference  signal  generated  by  the  station  hydrogen 
maser  fre(|uenry  standard.  The  time  tags  of  the  data  are  derived  from  this  reference,  subject  to 
delays  within  the  interconnection  and  the  receiver.  The  highly  digital  nature  of  the  Rogue  receivei 
eliminates  most  of  tlu'  (h’lay  variations  which  arise  from  variability  of  analog  components  [14],  The 
remaining  receiver  instrumental  delays  have  been  shown  to  remain  constant  on  a  day-to-day  basis 
to  within  0.7  ns  [17].  fhis  insures  that  the  receiver  clock  and  the  station  clock  run  at  the  same 
rate  within  ~.7  ns/day. 

Currently  there  exists  no  system  to  mea.sure  the  offset  between  the  station  clock  and  the  receiver 
clock.  .As  a  result.  \\v  assume  a  constant  offset  and  compare  clock  rates  derived  from  GPS  with 
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those  derived  from  This  prohlc'in  will  l)e  dis(iiss('d  further  in  s<'(  tion  1. 

For  this  experiment.  (IPS  selm  tive  availability  (S.A)  was  nut  turned  on.  Itecanse  the  mcasuremmiis 
involve  only  diflerema'd  data  involving  many  receivers  and  satellitf's  with  dynam.ically  <'stimat('d 
orbits  and  spacecraft  clocks,  this  te<hni(pie  is  insensitive  to  SA.  This  statement  is  based  on  onr 
limited  experienc*'  from  the  past  tx.o  years.  When  S.\  was  active,  the  accuracy  and  i)recision  of 
ground  station  i)osition  estimati's  were  insfuisitive  to  S.-\.  If  the  i)-code  is  encrypti'd  with  anti¬ 
spoofing  (.A.S).  howevi'r.  our  results  would  br*  soniewhat  degraded,  ffecaiisc-  the  Rogue  re((M\er  is 
afile  to  extract  ionosplu-ric  TFT'  by  cross-  correlating  tlu*  PI  and  r’2  signals,  however.  ('Vtui  in  the 
event  of  .\S  W('  expen  t  to  maintain  suh-nanos('cond  clock  synchronization. 


Date 

(  1!)!)1) 

Baseline 

VLBl 

(ns/day) 

GPS 

(ns/day) 

•Ian  23 

('anlnura  Goldstone 

-10.0 

Tl.ti 

-9.0 

±0.9 

•Ian  27 

.Madrid  Goldstone 

-  1.5 

±2.2 

-2.7 

±0.5 

•Ian  30 

('anberra  Goldstone 

-7.9 

±3.1 

-9.1 

±0.9 

F5>b  00 

( 'anberra  Goldstom' 

10.0 

±1.3 

-10.1 

±1.9 

Feb  10 

.Madrid  Goldstone 

5.9 

±l.s 

*>  s 

_t _ 

±0.  1 

Table  2:  Clock  rate  estimates 

Fable  2  presents  a  comfttirisoti  of  tin.'  CPS  clock  rates  with  \  LBl  clock  ra'es  on  days  when  \’I,B1 
solutions  were  available  ((iPS  solutions  were  available  nearly  continuously  duriiig  tlie  d-week  exper¬ 
iment).  The  columti  labelled  "VTBP"  [)r('setits  the  clock  freciumiry  offset  betucen  the  sper  ifted  D.SX 
sites  as  determitied  by  the  DS.N'  FF'.MPO  [13]  service.  These  measurements  are  m;id(>  by  observing 
a  set  of  (ptasars  over  a  three  hour  interval  centered  on  the  listed  time  tag.  Tin  colutnn  lal)elled 
"(IPS"  was  pr(jduc('d  tyv  decimating  clock  estimates  originally  computed  at  a  (>-min  mintite  interval 
to  a  60-min  ititerval  and  then  fitting  six  or  seven  of  these  points  to  a  line.  The  hourlv  i)oints  are 
selected  to  be  centered  as  closely  as  possible  on  the  V'LBI  time  tag.  .An  example  of  (jne  of  these  fits 
is  shown  in  (Iraph  1.  The  typical  R.M.S  scatter  in  these  (IF^S  clock  fits  was  0.1-  O.-l  ns. 

VFBI  is  probably  the  most  accurate  established  independent  technicpie  for  measuring  clock  dif- 
h'rences  between  tracking  sites  separated  by  intercontinental  distances.  A’et  the  formal  errors  for 
the  CiP.S  fits  are  similar,  and  in  mcjst  cases,  lower  than  tlie  A'LBl  formal  errors.  The  reduced 
statistic  for  tin'  CiF^S  fits,  which  basically  measures  the  ratio  of  the  post-fit  scalier  to  the  formal 
clock  estimate  errors,  was  generally  0.5- l.O.  The  agreement  between  the  GPS  and  VLBl  clock  rate 
estimates  shown  above  in  the  table  is  at  the  ~  ns/day  level  and  can  in  all  exce[)t  one  case  l)e 
explained  by  the  V'LBI  formal  errors  in  estimating  the  clock  rates  (the  one  exception  on  Feb  10 
shows  a  difference  of  about  1.5  VLBl  standard  deviations).  Note  that  some  aspects  of  our  conser¬ 
vative  GF*S  fitting  procedure  (decimation  of  data  by  a  factor  of  30.  and  fitting  a  line  t(5  the  clock 
offset  time  series  instead  of  solving  explicitly  for  the  rate  parameter  with  the  original  data)  lend  to 
make  the  C1F‘.S  formal  errors  land  presumably  the  acttial  errors)  larger.  .A  more  aggressive  analysis 
strat('gy  conld  easily  be  devised  to  further  reduce  the  GPS  clock  rate  estimation  errors.  The  results 
suggest,  in  any  case,  that  the  GPS  ol)servation.s  can  be  straightforwardly  used  to  faithfully  track 
clock  variations  at  time  and  frecpiency  standards  sejrarated  by  thousands  of  km.  Onr  comparison 
with  the  iadepemU'tit  VLBl  technirpie  apjiears  to  be  limited  by  the  uncertainties  in  the  VLBl  data, 
not  by  nn<  ertainties  in  the  GPS  data. 
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3b.  Clock  Closure 


lu  ill  vest  till'  iiitrnial  consist  ('iicv  ol  oiir  ost  iiiiati's.  wo  choso  a  typical  day  (Foliniary  2)  ami 
estimated  the  clock  ofisi't  hetwi'i'ii  each  i)air  oh  DS.N  stations  with  the  data  tVoiii  the  roinaiiiiiig 
station  excluded  for  a  Iwelvi'  hour  |)('riod.  TIk'  siiiii  f)f  thosi*  iiiiinl'ors  was  thou  forinod.  which  we 
re-ier  to  as  the  clock  closuri'.  If  the  rocoivor  clocks  havo  tho  saino  osliiiiatc'  iii  each  of  the  runs.  *!i<' 
clock  ( losiire  will  he  /oro.  1  hi'  clock  closure  is  shown  as  a  function  of  tiiuo  in  Craph  2.  I'ho  formal 
errors  pre-.enieil  are  calculated  assu mint!;  each  of  the  six  ostimatos  has  an  indopondont  random  error. 
■'Ummed  in  ipiad  rat  ure.  and  ;ire  thus  probably  on  the  consi'rvativo  side. 

Reiiimine  the  data  Irom  a  sineh'  station  should  have  a  very  small  offoct  on  the  result.  .\nn-  zero 
(  lock  I  losuie  is  an  indication  of  systematic  errors  in  the  calculation  of  the  offset  of  the  remaining 
|\^||  (  locks.  Hy  examining  the  clock  closure,  we  liojie  to  identify  error  sources  a.-^  svell  as  verify  that 
nothing  is  seriously  wrong  with  our  estimates. 

1  he  i  iirve  in  (iraph  2  Ims  several  intv'res'ing  fetitiires.  We  believe  the  large,  slow,  variation  in  the 
clock  closure  result  is  due  to  errors  in  our  estimated  Cil^S  satellite  orbit  .  To  test  this,  we  initialized 

. . rbital  iiarameters  with  values  esiimated  from  data  collected  in  the  previous  21  hour  period. 

im  biding  all  stations,  fhe  resulting  <  .ock  ch  sure  is  shown  in  Clraj)!)  .3.  'rite  large  scale  vtiriation  is 
.ibseiit.  ahhoueh  it  has  been  replaced  with  a  0.2  ns  bias.  Tliis  can  be  explained  because  the  orbits 
are  ( (in'i  raiiK'd  by  the  jirevious  2  1  hours  of  data  and  therefore  are  less  si'iisitive  to  data  noise.  On 
the  o!  Imi  hand,  sysiematii  orbit  errors  due  to  dynamic  models  are  more  important  for  longer  data 
ari^  and  may  be  causing  the  0.2  ns  bi;\s. 

.knot  her  of  these  features  is  the  small  (0.1  ms)  jump  occurring  just  before  2  am  on  flraph  2.  We 
believe  this  is  due  to  an  abrupt  change  in  th'  satellite  geometry,  with  tnosf  satellites  either  rising 
or  setting,  as  c,in  be  inferred  from  the  change  in  size  of  the  formal  error  bars.  The  step  seen  at 

2  am  is  an  indication  of  an  error  in  clock  determination  due  to  ])oor  sattelite  geometry  before  2 
ami  the  short  data  arcs  resultitig  frotn  saltelites  setting.  'I'he  jump  near  noon  ajrpears  to  be  due  to 
similar  siiielliic  geometry  iiroblems.  ;is  well  as  a  short  data  outage. 

I  he  (il’S  constellation  in  early  IdfM  consisted  of  only  1')  operational  satellites.  There  are  short 
periods  of  time  when  ( il’S  visibility  is  jioor  from  a  .given  ground  site,  thus  leading  to  high  sensitivity 
to  s(  hedniing  of  observations  and  data  gaps  such  as  described  a..,j.e.  We  expect  that  in  the  future, 
wi'h  the  Inllv  operational  21-satellite  constellation,  such  events  would  cause  less  error. 

In  .mother  test  for  data  (onsisten  y.  we  changi'd  the  reference  clock.  For  .Ian.  23.  we  compared 
tin-  ( lo(  k  sol  lit  ions  with  ( ioldstoti  '  t  h<'  releo'iice  clock  and  with  Kokee  ( Hawaii )  the  rr'ference  clock. 
!!('(  aus('  both  clocks  wer<'  hydrogen  mast'rs.  no  appreciable  difference  in  solutions  should  occr.i. 
I  h('  clock  iriie  olutions  diffi'O'd  by  0.03  ns/day  and  0.01  ns/day  resjrectively  for  the  tw-.'  cases,  a 
statistically  insignificatit  d ilfr-reiicf’. 


3r.  Data  Availability 

Another  important  issue  to  be  addr<'ss('d  i.s  whether  high  (piality  (IPS  clock  estimates  can  be 
pri  (|iH('(l  reliai.ly  enough  t(,  be  usi'd  operationally.  During  the  IFRS  (HG-91  cammdgn.  it  was 
p(oobl  e  to  foi  m  a  clock  oflse  with  fortnal  errors  less  than  1  ns  for  71'/  of  the  hourly  estimates 
on  I  h'' ( lohlstoneMadrid  luiselineand  7‘t'/  of  the  lime  on  t he  tloldstoii"-  Canberra  baseline.  This 
im  iudes  'inies  in  whii  h  there  was  iitsuflicif'nt  comimin  view  to  obtain  ati  accurate  clock  offset,  as 
well  ,1'  periods  in  whi(  h  one  of  tlo'  two  reii'ivers  was  not  tracking  atellites. 
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With  the  full  2 l-satollitc  (IPS  constellation  and  with  data  from  approximately  six  to  nim'  globally 
distributed  stations  in  addition  to  the  DSN  stations,  it  should  bo  possible  to  continuously  j/iovide 
sub-nanosecond  clock  offset  estimates  for  the  DSN  complexes.  It  is  currently  [)osslble  to  service- 
such  a  network  and  prov'  le  one  ilay  turnaround  of  clock  estimates  [personal  commumcation:  (i. 
[flewett].  With  thf*  develop:nent  of  forward-running  Kalman  filters  and  a  real-time  data-re‘ rieval 
system,  it  would  conceivably  b<'  possible  to  provide  one  ns,  hydrogen  maser,  clock  offsets  in  as 
little  as  ')  minutes.  Somewhat  better  offsets  could  oe  provided  within  a  few  hours.  More  study  is 
l  eeded  to  determine  tne  minimal  configuration  necessary  to  provide  near-real-time  clock  estimates. 
.Note  that  because  the  DSN  stations  are  equipped  with  hydrogen  masers,  errors  in  estimated  clock 
offsets  grow  gradually,  so  that  short  C!PS  data  outages  are  more  likely  to  result  in  degraded  system 
performance  rather  than  catastrophi'  system  failure. 


1.  Iniplcmentation 

In  order  to  ini'fb  ment  an  operational  GPS  aided  VLPI  system,  the  receiver  clock  synchrotiization 
discussed  above  must  be  transferred  to  the  \  LllI  clock.  'Phis  can  be  done  by  using  a  time  interval 
(outlier  (Tl(’)  to  iieasure  the  .'ifference  in  the  1  pps  signals  generat'd  by  Rogue  and  V'LBI  ti  ae. 
It  is  not  difficult  to  obtain  time  interval  counters  accurate  to  100  psec,  w'hich  would  not  severely 
impact  our  level  of  accuracy.  This  TIG  would  be  machine  readable  to  allow  real-time  calibration 
at  a  rate  similar  to  the  fretiuency  of  clock  offset  estimates  available  from  the  GPS  solution. 

1  h('  c.ib  'dated  clo'  k  offset  between  receiver  time  and  GPS  time  includes  the  delays  and  phase  shift.s 
introduced  by  tlu'  analog  ele(  trotiics  between  the  GPS  antenna  and  the  Rogue  receiver.  Tim  only 
remaining  uncalibrated  delays  are  between  internal  receiver  time  and  the  resultant  1  pps  signal,  and 
till'  cori.'snonding  delay  in  the  VLBl  system.  JPL  experiments  have  shown  that  these  combined 
debiys  in  the  receiver  remain  constant  over  four  days  period  to  within  0.3  to  0.7  ns  [17].  These  delays 
can  be  calibrated  by  ur  king  (piasar  VLBI  observations  and  comparing  the  clock  synchronizations 
deti'i  iniiied  by  this  method  with  GPS  dock  synchronization.  Two-way  satellite  time  transfer  is  also 
approaching  tlm  accuracy  necessary  to  calibrate  GPS  instrumental  errors.  Quasar  observations  are 
currently  performed  eekly  on  each  baseline  to  determine  earth  orientation  and  clock  offs'^ts  and 
rates.  If  receiver  delays  can  be  held  constant  to  within  the  0.5  ns  limit  given  in  section  2,  it 
appeam  that  ii,st  rumerital  errors  in  GPS  clock  synchronization  can  be  dealt  with  by  weekly  quasar 
calibration.  If  this  is  not  possible,  two-way  satellite  time  transfers  on  a  more  frequent  basis  may 
lie  liecessarv. 


5.  Conclusion 

.\  sill)  naimsecond  (lock  synchronization  capaliilily  would  be  of  great  benefit  to  deep  space  tracking, 
fhis  h'vel  Ilf  >yiichronization  wiiiild  allow  spacecraft  angular  position  to  be  instantaneously  mea- 
>ur('d  to  an  a(  curacy  of  -lO  nrad  by  differential  ranging  at  two  widely  separated  tracking  stations, 
(^ua'-.ir  basf'd  (bfferetit ial  \T.Hf.  w  hich  is  currently  used  for  this  purpose,  might  be  reserved  for  only 
tiu'  mo'.t  demanding  navigation  challenges.  Clock  offsets  betweeit  D.SN  stations  with  formal  errors 
of  a[)pro\imat('|y  0.5  ns  hav('  been  determined  frcmi  GPS  measurements,  t  omparisons  of  VLRl  and 
(ll’S  dock  rat('>  and  am  vsis  of  clock  closiir*'  suggest  that  these  formal  errors  are  a  realistic  measure 
of  tlio  pr('cision  of  tlu'  GPS  clock  snlutious.  Tlie  calibration  of  absolute  station  instrumental  delay., 
and  of  the  oIRi't  b('tw('('n  \T,BI  time  (used  to  time-tag  differential  s|)acerraft  ange  measurements) 
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and  (iPS  n'roiv(M'  time  appear  to  be  tractable  implementation  tasks. 
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Graph  2;  Clock  closure  with  dynamically  determined  orbits. 
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Graph  3:  Clock  closure  with  orbits  initialized  from  previous  day. 
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QUESTIONS  AND  ANSWERS 


Dr.  Gernot  Winkler,  USNO:  Your  results  are  outstanding.  What  is  the  reason  for  that. 
Your  orbit  determinations  appear  to  be  much  better  than  anything  else  that  I  have  seen.  Have  you 
had  an  opportunity  to  compare  your  orbits  ex  post  facto  with  DMA  or  NGS  orbits? 

Mr.  Border;  1  am  not  an  expert  on  the  orbits.  If  you  care  to  talk  to  me  afterwards,  I  can  give 
you  some  names  of  people  that  could  give  you  better  information.  I  know  that,  within  our  section, 
we  believe  the  orbits  are  good  to  .'iO  nanoseconds.  That  comes  from  comparing  with  baselines  from 
VLBI,  daily  repeatabilities,  and  comparisons  of  our  orbits  with  other  peoples  orbits. 

Dr.  Winkler:  You  must  also  have  a  better  signal-to-noise  in  your  receivers.  Which  antennas  are 
you  using? 

Mr.  Border:  We  are  using  ROGUE  Receivers  with  Dome- Margolin  (sp?)  antennas.  The 
receivers  are  highly  digital  receivers,  so  they  produce  high  quality  data  with  very  few  cycle  slips. 

Mark  W^eiss,  NIST:  I  am  curious  about  the  feasibility  of  using  techniques  like  this  for  time 
transfer  in  a  near-real-titne  mode.  Even  a  week  after  fact  would  be  useful.  1  am  wondering  about 
cycle  slips,  does  the  GYPSY  software  automatically  detect  and  correct  for  cycle  slips? 

Mr.  Border:  GYPSY  software  automatically  handies  cycle  slips  and  things  like  that.  With 
ROGUE  receivers,  cycle  slips  are  not  generally  a  very  significant  problem.  The  strategy  that  I 
presented  here  was  the  standard  estimation  strategy  used  for  geodetic  measurements.  GYPSY 
handles  orbits,  cycle  slips  and  things  like  that.  The  other  question  that  you  asked  was  about  near- 
real-time  results.  More  software  development  will  be  needed  to  develop  a  forward-running  filter, 
so  that  we  can  incorporate  data  as  it  arrives.  Right  now  we  have  about  a  days  turn  around  on  our 
numbers.  Reducing  that  is  one  of  the  future  goals. 

Mr.  Weiss:  So  you  are  saying  that  we  can  do  time  transfer  at  the  sub-nanosecond  leave  using 
ROGUE  receivers,  with  a  days  turn-around. 

Mr.  Dunn:  Yes,  that  is  what  I  am  saying. 

Mr.  Weiss:  But  we  would  have  to  have  ROGUE  receivers  spread  around  the  world  to  be  able  to 
do  the  orbits. 

Mr.  Dunn:  C'ertainly  to  duplicate  our  results.  We  are  using  21  receivers  around  the  world,  but 
we  think  that  is  overkill  for  doing  time  transfer.  You  would  need  a  number  of  sites. 

G.  Petit,  BIPM:  1  s  your  processing  with  the  GYPSY  software  with  all  the  satellites  all  the 
time? 

Mr.  Dunn:  It  is  with  all  satellites,  all  the  time.  For  a  given  estimate,  the  clocks  necessarily 
ch)se.  In  order  to  produce  clock  offset  estimates  that  don’t  necessarily  close,  we  remove  the  data 
from  one  of  the  DS.Y  stations  and  produce  a  clock  offset  estimate  for  the  remaining  two.  We  do 
this  three  times,  for  the  different  stations,  and  sum  the  offsets.  Because  most  of  the  stations  are 
still  in,  we  expect  the  errors  to  be  highly  correlated.  As  a  result,  this  is  probably  an  underestimate 
of  our  total  error.  This  particular  closure  method  is  a  good  diagnostic  tool  in  terms  of  seeing  what 
magnitude  of  effect  we  can  expect  from  orbit  error.  However,  I  would  like  to  point  out  that,  when 
[)eo[)le  use  broadcast  ephemerides.  they  are  essentially  using  correlated  information,  so  those  clock 
closure  measurements  have  a  very  similar  interpretation. 
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David  Allan,  NIST:  I  have  two  questions.  First,  on  the  same  chart,  do  have  any  explanation 
about  the  steps  in  the  data  near  the  end,  and  second,  what  do  you  do  about  SA? 

Mr.  Dunn:  There  were  a  number  of  satellites  that  rose  and  set  about  the  same  time  and  also 
some  of  the  equipment  was  turned  off  at  that  time.  VVe  aren’t  entirely  sure  what  caused  the  step. 
The  large  errors  near  the  ends  of  the  run  are  due  to  the  fact  that,  for  this  data  set,  we  used  12 
hour  data  arcs  to  reduce  the  processing  time.  When  a  satellite  rises  near  the  end  of  the  arc  or  sets 
near  the  beginning  of  the  arc,  then  you  have  fairly  low  data  weight  for  that  satellite.  As  a  result, 
you  can  see  that  the  formal  errors  blow  up  quite  a  bit.  In  routine  processing  this  will  be  less  of 
an  issue,  since  there  will  be  more  satellites  in  the  constellation  and  we  will  be  able  to  run  over 
longer  periods.  In  geodetic  work,  we  have  found  mat  we  are  fairly  insensitive  to  8.4.  You  can  see 
the  effect  in  the  results,  however  it  is  very  small.  We  believe  that  this  is  due  to  the  fact  that  these 
measurements  are  essentially  a  differenced  data  type.  We  solve  for  all  of  the  clocks  at  each  epoch 
and  so  S.4  should  tend  to  difference  out.  AS,  on  the  other  hand,  could  be  a  significant  problem. 
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Abstract 

As  part  of  its  mission  and  in  cooperation  with  the  U.S.  Coast  Guard,  the  U.S.  Naval  Observatory  ( USNO) 
monitors  and  reports  the  timing  of  the  LORAN-C  chains.  The  procedures  for  monitoring  and  processing 
the  reported  values  have  evolved  with  advances  in  monitoring  equipment,  computer  interfaces  ami  PCs. 

This  paper  discusses  the  current  standardized  procedures  used  by  USNO  to  sort  the  raw  data  according 
to  GRI  rate;  to  fit  and  smooth  the  data  points;  and,  for  chains  remotely  monitored,  to  tie  the  values  to  the 
USNO  Master  Clock.  The  results  of  these  procedures  are  the  LORAN  time  of  transmission  values,  as 
referenced  to  UTC(USNO)  for  all  LORAN  chains.  This  information  is  available  to  users  via  USNO 
publications  and  the  USNO  Automated  Data  Service  (ADS). 

Introduction 

On  1  June  1961,  the  U.S.  Naval  Observatory  (USNO)  began  monitoring  the  LORAN-C  signal  of  the 
East  Coast  chain  transmitting  from  Carolina  Beach,  North  Carolina  [1].  The  time  difference  values 
were  taken  manually  at  14:00  Local  Standard  Time  (LST)  (this  particular  time  was  chosen  in  view  of 
the  diurnal  shift  of  the  signal).  A  few  years  later,  time  corrections  were  needed  for  the  West  Coast  and 
other  LORAN  chains.  USNO  in  Washington,  DC,  is  located  outside  the  groundwave  coverage  of  these 
LORAN  chains;  therefore,  a  need  to  develop  remote  monitoring  stations  was  created.  This  also  meant 
that  methods  to  tie  the  remote  reference  clock  to  the  USNO  Master  Clock  (MC)  had  to  be  developed. 
In  the  beginning,  the  readings  were  taken  manually.  A  portable  clock  from  the  Observatory  visited  each 
remote  monitoring  site  to  determine  the  difference  between  the  station  reference  clock  and  the  USNO 
MC. 

With  the  advent  of  microcomputers,  many  of 
the  manual  operations  could  be  done  auto¬ 
matically.  This  included  the  taking  of  readings, 
sending  data  to  USNO  for  analysis,  and 
adjustment  of  local  time  standard  to  USNO 
Master  Clock.  These  automated  monitoring 
systems  require  little  or  no  human  intervention 
except  in  the  cases  of  equipment  failure  or  the 
encountering  of  an  error  that  cannot  be  pre¬ 
dicted,  e.g.,  data  corruption  by  noise  on  the 
phone  line. 

Data  Collection  Methods 

The  LORAN  Time-of-Arrival  data  (TOA), 
from  which  the  Time-of-Emission  (TOE) 
information  found  in  the  USNO  Series  4  Pub¬ 
lication  is  derived,  are  collected  by 
microcomputer-controlled  Data  Acquisition 
Systems  (DAS)  located  at  USNO  and  Figure  I — Approximate  location  of  LORAN  transmit- 
throughout  the  United  States.  ters  ( •)and  USNO  DASs  (  x  )to  monitor  the  LORAN 

timing  signal. 


103 


USNO  and  most  of  these  remote  DAS  units  monitor  both  LORAN  and  GPS  signals.  The  LORAN 
chains  outside  the  U.S.  are  monitored  and  data  analyses  are  performed  using  other  methods  not  covered 
in  this  paper. 

Each  morning,  HP  1000  computers  begin  a  scheduled  sequence  of  events  (see  flowchart  1).  Each  of 
the  remote  DAS  units  receives  a  phone  call  from  a  computer.  The  LORAN  and  GPS  data  are  down¬ 
loaded  into  the  HP  1000  and  the  DAS  starts  collecting  data  again.  Because  of  the  amount  of  data 
collected  at  some  locations,  this  data  transfer  can  take  several  minutes  to  complete.  The  phone  calls 
are  made  early  in  the  morning  because  of  the  long  data  collection  time  slowing  computer  processes  and 
the  needs  to  have  the  completed  results  available  by  certain  deadlines,  to  reduce  telephone  costs,  and 
to  obtain  the  highest  data  transmission  quality  possible.  Once  all  the  collectable  DAS  data  are  in  the 
USNO  HP  1000  computers,  it  is  transferred  to  a  UNIX  workstation  environment,  where  all  data  analysis 
is  performed.  The  work  station  was  chosen  because  it  processes  data  more  than  30  times  faster  then 
the  HPIOOO.  Its  versatility  allows  for  data  collected  in  numerous  ways  to  be  centrally  processed,  and  it 
provides  an  extra  level  of  security.  The  software  that  is  commercially  available  or  is  custom  written  at 
USNO  allows  the  data,  once  they  are  entered,  to  remain  in  the  same  computer  (albeit  in  different  forms) 
until  the  final  reports  are  created  and  sent  out.  The  work  station  runs  a  single  master  set  of  data  analysis 
programs  rather  than  an  individualized  set  for  each  DAS’s  data.  This  makes  program  maintenance  and 
system  operations  considerably  easier. 


Data  Analysis 

The  raw  data  are  received  from  the  HPIOOO  computers  into  the  work  station  via  inter-computer  file 
transfers  (USNO  has  DAS  systems  on  two  independently  running  HPIOOO  computers.  This  allows  for 
increased  reliability  and  system  checks).  Once  the  data  are  located  in  the  work  station’s  file  system,  a 
series  of  programs  are  executed  by  means  of  script  files  (similar  to  PC  batch  files).  In  many  instances, 
one  script  file  calls  another,  which  in  turn  calls  a  third.  By  having  the  processes  controlled  by  a  series 
of  script  files,  any  segment  or  group  of  segments  of  the  data  reduction  process  can  easily  be  reprocessed 
if  necessary. 
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Figure  2-A  sample  of  LORAN  and  GPS  data  as  received  at  USNO  from  a  DAS 

The  first  program  in  the  script  files  sorts  and  reformats  the  data.  The  data  must  be  sorted  because,  at 
some  locations,  the  LORAN  data  are  in  the  same  file  as  the  GPS  data  (at  other  locations,  the  two 
data  types  are  in  separate  files).  Whether  the  data  need  to  be  segregated  or  not,  this  same  program 
also  reformats  the  data  into  a  standardized  form  for  the  analysis  programs  and  makes  a  copy  for  the 
history  files  (there  is  one  master  set  of  analysis  programs  requiring  a  standardized  input  data  format). 
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These  history  files  are  used  to  reprocess  data  covering  long  periods  of  time.  Once  the  LORAN  and 
GPS  data  have  been  standardized  in  format  and  copies  made  for  the  record  books,  they  can  be 
reduced  to  more  meaningful  values. 


The  LORAN  data-processing  program 
analyzes  all  the  data  per  block  of  time 
(usually  24  hours)  during  each  pass  through 
the  input  file.  It  will  process  the  file  as  many 
times  as  needed  to  insure  that  all  days  witn 
complete  sets  of  data  present  are  analyzed 
before  terminating.  As  the  data  are  read, 
the  program  sorts  the  data  points  into  a 

large  array  according  to  the  Group  Repeti¬ 
tion  Interval  (GRI)  of  the  LORAN  chains 
monitored  at  the  particular  site.  The  data 
points  falling  more  than  750  nanoseconds 
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Figure  3-Processed  LORAN.  A  sample  of  LORAN 
data  after  linear  fit  processing  for  four  LORAN  sta 
tions. 


away  from  the  previous  day’s  processed  value  are  automatically  disregarded.  This  filtering  eliminates 
obviously  bad  values.  After  all  data  for  the  period  in  question  have  been  entered  into  the  array,  all 
the  GRI  data  points  are  linearly  fit  to  a  point  of  01:00  local  standard  time.  (The  change  from  14:00 
LST  to  01:00  LST  was  due  to  requirements  of  the  U.S.  Coast  Guard  for  steering  of  the  LORAN 
chains’  TOE.  It  was  also  found  that  the  data  were  much  more  reliable  and  consistent  at  this  early 
morning  hour.)  While  computing  the  linear  fit,  a  sigma  value  of  the  fit  is  also  calculated.  One-and-a- 
half  times  this  sigma  value  is  then  used  as  a  filter  for  a  second  pass  through  the  linear  fit  solution. 

This  second  result  is  then  smoothed  to  remove  the  extreme  effects  from  the  environment  and  filed 
for  later  use.  From  previous  research,  it  was  found  that  no  LORAN  chain  jumps  more  then  30 
nanoseconds  from  one  day  to  the  next  under  normal  circumstances.  When  a  value  does  jump  more 
than  thirty  nanoseconds  from  one  day  to  the  next,  the  filed  value  is  the  previous  day’s  processed 
value  plus  half  the  jumped  amount  [2] . 
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Fiffire  4- A  sample  of  GPS  data  after  linear  fit  processing 

The  GPS  data  processing  works  much  the  same  way  as  the  LORAN  data  processing  program.  The 
data  points  from  each  monitoring  site  and  USNO  are  entered  into  a  large  array.  All  data  points  out¬ 
side  a  reasonable  value  are  automatically  disregarded.  These  data  points  are  linearly  fitted,  two- 
times-sigma  filtered,  and  linearly  fitted  a  second  time.  These  USNO  versus  monitoring  site  clock 
difference  results  are  filed  for  later  use.  The  present  philosophy  at  USNO  is  to  reduce  all  of  the  time 
values  from  the  various  satellites  as  though  they  were  from  one.  This  is  referred  to  as  the  “melting 
pot’’  method  of  reduction.  This  linear  fit  method  works  well  for  a  large  number  of  data  points  or 
when  only  a  very  few  data  points  are  available  from  a  consistent  satellite  from  day  to  day. 

In  other  cases,  it  is  better  to  use  the  GPS  common-view  method.  This  method  requires  the  monitor¬ 
ing  site  and  USNO  to  be  looking  at  the  same  satellite  at  exactly  the  same  time  in  order  to  determine 
the  reference  clock  time  difference.  As  a  result  of  the  large  number  of  variables  present  to  perform 
the  reduction  of  data,  it  is  difficult  to  automate  this  process;  therefore,  it  is  only  used  at  a  few  excep¬ 
tional  locations  where  automatic  DAS  units  are  impractical  or  unusable  for  technical  reasons.  In  the 
case  of  remotely-monitored  LORAN  chains,  the  results  from  the  LORAN  data  analysis  are  finally 
corrected  to  a  value  of  USNO-MC  minus  the  various  chains  by  applying  the  GPS  difference  calcula¬ 
tion.  It  is  this  corrected  value  from  the  remote  DAS  units  and  the  values  directly  monitored  at 
USNO  that  appear  in  the  USNO  Series  4  publication. 
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A  separate  program  uses  the  reduced 
GPS  values  of  the  monitoring  sites  and 
the  reported  values  for  the  various  U.S. 
LORAN  chains  to  calculate  microstep¬ 
per  corrections.  These  corrections  are 
applied  to  the  remote  station  clocks  and 
the  LORAN  transmitter  units  respec¬ 
tively.  The  monitoring  site  microstepper 

corrections  keep  each  remote  site’s 
clock  ^proximately  set  to  the  USNO 
MC.  Tne  LORAN  microstepper  set¬ 
tings  assist  the  U.S.  Coast  Guard  in 
meeting  Public  Law  100-223, 
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Figure  5-Results.  A  sample  of  the  processed  LORAN  value 
after  correction  of  station  clock  via  GPS  for  four  LORAN 
stations. 


which  states  that  “each  master  transmitter  shall  be  synchronized  to  within  approximately  100  nano¬ 
seconds  of  universal  time”  [3].  The  accompanying  graphs  are  examples  of  how  well  this  data  analysis 
and  microstepper  corrections  provided  to  the  LORAN  transmitting  sites  are  keeping  the  LORAN  TOE 
values  within  tolerance. 


Summary 

By  means  of  automated  Data  Acquisition  Systems  and  time-scheduled  data  analysis  programs,  the  U.S. 
Naval  Observatory  is  disseminating  UTC  time  via  LORAN-C  transmissions  to  a  greater  accuracy  then 
ever  before.  USNO  is  continuing  its  efforts  in  researching  new  analytical  methods.  It  will  also  be 
investigating  various  methods  by  which  users  can  increase  the  accuracy  of  their  timekeeping  relative  to 
UTC  time  via  LORAN  timing  signals. 
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HP  lOOOs  WORKSTATION 


Flowchart  I -Flow  diagram  of  LORAN  and  GPS  data  processing.  The  data  for  reports  are  found  in  the  USNO 
Series  4  publication. 
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Clock  and  the  9610  LORAN  Chain.  Note:  USNO 
began  providing  steer  corrections  for  9610  on  MJD 
48440. 
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QUESTIONS  AND  ANSWERS 


David  Allan,  NIST:  SoiiK'  work  ai  MJS  sliowod  tliat  you  can  look  al  the  ituk'x  ol  refraction  as 
a  "round  wave,  the  "radient.  Oi.e  mi"lit  be  able  to  get  some  nominal  weather  data  and  ilo  s(jme 
modeling  to  see  why  t h('s('  tlelay  variations  coii.vg  due  to  tliese  storms  and  fronts.  <'tc..  and  account 
lor  some  of  t  lie  variations  that  are  causing  yon  these  tracking  problems. 

Mr.  Chadsey:  One  of  tin'  things  that  we  are  looking  at  is  the  I'.SNO  is  working  on  a  project 
with  tlie  ('oast  (luard  ;it  t!ie  fllHiO  transmitting  site  at  Seneca.  We  will  be  doing  two-way  time 
transfer  with  that  t  r;uismitting  site,  '['heir  clock  will  be  set  precisely  to  USNO,  with  ;i  very  small 
(  rro".  W’e  will  then  monitor  that  r(  r.^iis  received  values,  and  plot  that  i-(  runs  the  various  weather 
(onditioiis  that  we  can  motiitor,  such  as  tcmiperature,  humidity,  barometric  pressure,  etc.  in  order 
to  try  to  model  some  of  thes('  effects.  This  will  the  first  time  that  we  can  do  it  on  a  fairly  accurate 
basis. 

Mr.  Allan:  Wh;it  I  meant  to  sa\-  was  that  tlnw  said  that  the  strongest  effect  was  gradient,  rather 
than  the  tmnp^'rat io,.  jisc'lf.  \'ou  tnight  keep  that  in  mind  as  work  on  the  meddling. 

Mr.  Chadsey:  '['hat  is  mie  of  the  things  that  will  have  to  come  into  this.  As  we  do  the  weather 
plot-,.  w('  will  hav('  to  get  weather,  tint  otily  from  the  local  receiver  and  transmitter  sites,  but  also 
Iroiii  point-,  alotig  the  way  atid  plot  out  the  various  lines. 
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The  Role  of  Clocks  in  Operating  Deep  Space  Missions* 


S.  W.  Asmar  and  E.  R.  Kursinski 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
Pasadena,  California  91109 


Abstract 

Operation  of  deep  space  missions  requires  stable  frequency  references  and  clocks  to  perform  sev¬ 
eral  mission  critical  functions.  These  references  are  used  in  generating  the  telecommunication  links  to 
maintain  communications  between  earth  and  spacecraft,  in  generating  accurate  doppkr,  range  and  VLBI 
observables  for  determining  the  spacecraft's  time  varying  position,  and  to  generate  on-board  timing  in¬ 
formation  for  clocking  out  timed  commands  and  time  tagging  instrument  data.  In  addition,  science  ap¬ 
plications  exist  particularly  those  utilizing  radio  instrumentation  which  can  require  additional functions 
and  levels  of performance.  The  design  necessary  to  support  these  functions  affects  both  the  spacecraft  and 
the  ground  tracking  stations.  Th  is  paper  provides  a  brief  description  of  these  functions  and  some  of  the 
key  requirements  needed  to  support  them. 


I.  Introduction 

The  operation  of  deep  space  missions  require  the  utilization  of  stable  clocks  and  frequency  references 
to  perform  several  mission-critical  functions  both  on-board  the  spacecraft  as  well  as  at  the  ground 
tracking  stations.  The  telecommunications  link  needed  to  maintain  communications  between  earth 
and  the  spacecraft  is  derived  from  these  oscillators.  They  play  a  role  in  the  following  functions:  on¬ 
board  timing,  telemetry,  navigation,  and  science.  Though  there  is  potentially  substantial  overlap, 
these  functions  are  typically  supported  by  distinctly  different  clocks  on-board  the  spacecraft.  The 
design  necessary  to  support  these  functions  affects  the  ground  tracking  stations  as  well.  Navigation 
data  observables  as  well  as  certain  radio  science  experiments  require  ground-based  hydrogen  maser 
clocks  to  provide  superior  stability  (in  terms  of  Allan  deviation  at  longer  integration  times)  over 
crystal  oscillators. 


II.  C  -Board  Timing 

.\s  part  of  the  spa,cecraft's  command  and  data  handling  subsystem,  the  on-board  clock  has  the 
function  of  generating  timing  information  for  clocking-out  stored  commands  and  time  tagging 
payload  data,  fhe  on-board  timing  clock  provides  timing  signals  needed  to  time  tag  evejits  observed 

*  T  his  work  was  c  arried  out  at  the  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  under  a  contract 
with  the  .National  Aeronautics  and  .Space  Administration. 
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by  the  different  spacecraft  engineering  subsystems  and  science  instrument  payload.  The  time-tagged 
data  is  either  transmitted  to  earth  in  real-time  or  recorded  on  data  storage  units  for  telemetry 
transmission  during  some  period  following  the  flyby. 

Typically  based  on  redundant  cry'stal  oscillators  operating  at  or  near  5  MHz,  the  data  handling 
clock  is  stable  to  .5x  10“''^'  over  any  one  minute.  The  oscillator  signal  is  divided  into  clock  frequencies 
ranging  from  0.25  Hz  to  640  kHz  which  are  then  distributed  to  engineering  and  scientific  subsystem 
users.  The  clock  provides  a  time  code  that  is  inserted  in  the  data  packets.  The  time  code  may 
contain  40  bits  divided  into  a  coarse  and  fine  time  segments  and  is  transmitted  once  every  second. 
The  coarse  time  rode,  32  bits,  is  a  straight,  continuous  binary  count  of  seconds  with  the  LSB  being 
1  second.  Its  period  is  2^^  seconds,  or  136  years.  The  fine  time  code,  8  bits,  is  a  straight  count  of 
binary  fractional  subseconds  with  the  L.SB  being  1/256  seconds. 

E.xecution  of  complicated  sets  of  stored  commands  is  rerpiired  to  successfully  operate  a  complicated 
planetary  mission  particularly  in  the  outer  solar  system.  As  Voyager  2  approached  Neptune,  the 
time  delay  from  command  transmission  to  reception  at  the  earth  of  the  spacecraft  command  con¬ 
firmation  was  more  than  eight  hours.  The  magnitude  of  this  delay  was  comparable  to  the  entire 
close-up  flyby  period  making  autonomous  spacecraft  operation  an  ab.solute  necessity.  In  general 
for  planetary  missions,  the  spacecraft  must  act  as  a  robot  e.xecuting  a  precisely  timed  series  of  pre¬ 
programmed  command  sequences  by  relying  on  an  on-board  clock  to  determine  proper  execution 
time.  These  commands  are  carefully  designed  on  earth,  up-linked  and  stored  on-board  the  space¬ 
craft  as  much  as  a  year  prior  to  the  flyby  (subsequent  modifications  are  up-linked  as  necessary). 
During  a  close  flyby,  the  required  accuracy  of  command  execution  timing  can  be  a  fraction  of  a 
second.  To  achieve  this  precision  during  the  long  Voyager  mission  the  clock  was  seldom  corrected; 
instead,  the  clock  drift  was  continually  monitored  during  the  months  prior  to  each  flyby,  the  off¬ 
set  estimated  and  the  execution  times  of  command  sequences  then  shifted  to  compensate  for  the 
anticipated  clock  error. 

The  tightest  recpiirements  on  execution  time  accuracy  occur  when  the  spacecraft  flies  very  close 
to  an  object  of  interest  causing  the  geometry  to  change  very  rapidly.  In  the  case  of  the  Voyager 
.Neptune  flyby,  the  tightest  requirement  was  driven  by  the  “limb-tracking”  maneuver  executed 
during  the  radio  occultation  observations  of  the  planet's  atmosphere.  This  maneuver  is  executed 
while  the  spacecraft  flies  behind  Neptune  as  viewed  from  the  earth.  It  maintains  the  spacecraft 
orientation  such  that  the  three  meter  telecommunications  antenna  is  pointed  at  the  location  in  the 
planet's  atmosphere  where  the  image  of  the  earth  appears  in  order  that  the  spacecraft’s  signal  can 
be  received  on  earth  throughout  the  occultation  period.  The  narrowness  of  the  spacecraft  antenna 
beam  and  the  rapidly  changing  geometry  required  an  execution  accuracy  of  approximately  one 
second.  The  combination  of  the  clock  drift  and  navigation  uncertainties  required  this  command 
sf'cpietice  to  be  updated  about  one  week  prior  to  the  encounter. 


III.  Telemetry 

In  def>|)  s[)ace  communications,  the  design  chosen  to  get  science  and  engineering  data  from  the 
spacf'craft  to  the  earth  phase  modulates  the  data  onto  a  video  frequency  subcarrier  which  is  modu- 
lalf'd  ontf)  a  microwave  carrier  signal  [l].  This  requires  three  oscillators:  one  to  generate  the  carrier 
signal,  one  to  drive  the  subcarrier  sign.al,  and  the  data  rate  clock.  These  oscillators  are  separate 
and  indepmident  of  one  another  to  avoid  coherent  spurious  signals  which  can  severely  degrade  the 
ac(  iira(  y  of  the  data  recovered  in  the  demodulation  process.  The  oscillator  from  which  the  carrier 
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signal  is  derived  is  a  crystal  oscillator  either  free  running  or  voltage  controlled  to  maintain  phase- 
lock  with  the  iip-link  signal  from  earth.  The  free  running  type  is  either  an  auxiliary  oscillator, 
provided  as  part  of  the  spacecraft's  standard  transponder,  or  an  “ultra-stable"  oscillator  (TSO). 
which  is  available  on  certain  deep  space  mi.ssions  as  instrumentation  for  radio  science  experiments 
and  will  be  discussed  further  under  the  role  of  clocks  in  science.  Free  running  oscillators  are  used 
when  communication  is  in  the  “one-way"  doppler  mode  where  no  uplink  from  the  ground  is  either 
necessary  or  available.  The  voltage  controlled  oscillator  (VCO)  is  used  when  the  spacecraft  is  in 
two  or  three-way  mode  of  communication  with  ground  stations  and  the  uplink  signal  is  used  as 
the  phase  reference  for  the  downlink  carrier  signal.  The  one-w'ay  mode  is  simpler  and  more  robust 
whereas  the  VCO  mode  is  typically  used  when  range  and  doppler  navigation  data  is  also  required. 

The  second  clock  which  drives  the  subcarrier  is  a  free  running  crystal  oscillator  in  the  telemetry 
modulation  unit.  The  third  clock,  the  data  rate  clock  is  a  crystal  oscillator  residing  in  the  command 
and  data  handling  subsystem  discussed  in  the  previous  section. 

From  a  telemetry  standpoint,  the  primary  re(|uireinent  is  that  these  oscillators  be  phase  coherent 
over  the  time  scales  important  to  phase  modulation  and  demodulation.  This  is  recpiired  in  order  that 
the  phase  modulation  be  readily  detected  in  the  presence  of  the  natural  variability  of  the  reference 
signal  phase.  Deep  space  data  rates  generally  range  from  a  few  bits  per  second  to  hundreds  of 
kilobits  per  second  implying  time  scales  ranging  from  microseconds  up  to  a  second.  This  type  of 
requirement  leads  to  frequency  stability  requirements  on  the  order  of  10~’'  at  I  second  for  the 
carrier  signal  oscillator.  In  practice,  the  auxiliary  oscillator,  the  telemetry  modulation  unit  clock 
and  the  command  and  data  handling  clock  are  all  of  comparable  stability. 


IV.  Navigation 

Oscillators  and  clocks  are  used  in  navigation  to  generate  accurate  doppler,  range,  and  very  long 
baseline  interferometry  (VLMI)  observables  for  determining  the  spacecraft's  position  as  a  function 
of  time.  Deep  space  missions  are  generally  navigated  via  radio  tracking  where  signals  are  typically 
referenced  to  ground-based  clocks  such  as  hydrogen  masers  in  two  or  three-way  coherent  doppler 
modes.  Optical  navigation  is  used  on  some  mi.ssions  when  the  spacecraft  is  sufficiently  close  to  an 
object  that  pictures  are  useful  indetermining  its  position  relative  to  the  object. 

There  are  three  categories  of  radio  navigation  data  types;  range,  range  rate  (doppler)  and  VLBl. 
Range  and  range  rate  are  measurements  of  patli  lengtli  and  change  in  path  length  along  the  line  of 
sight  between  the  earth  and  spacecraft.  By  observing  tlie  change  in  the  path  length  as  the  earth 
rotates  one  can  also  determine  the  spacecraft  angular  position  in  the  plane  of  the  sky  [2].  VLBI 
directly  measures  the  spacecraft  angular  position  and  its  rate  of  change.  The  range  and  VLBI  type 
measurements  are  orthogonal  and  therefore  complementary  in  determining  spacecraft  position. 

Following  the  discussion  of  [2].  a  range  observable  is  a  measure  of  round  trip  light  time  (RTLT)  as 
recorded  by  the  station  clock 


r,  =  ST(t,)- ST{t^-  RTLT)  (1) 

where  ST{t^-)  is  the  time  as  kept  by  the  station  clock  at  true  time  .A  doppler  tneasurement  r/^. 
IS  detitied  in  tentts  of  dilfereuced  range  by; 
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(2) 


dk  = 


n-i  -  rtc 


Tc 


where  T^.  =  -  4  is  the  doppler  count  time. 

If  is  clear  from  these  simple  expressions  that  two  of  the  relevant  time  scales  are  the  signal  integration 
time  (on  the  order  of  seconds  to  minutes)  and  the  RTLT  (minutes  to  hours).  The  duration  of  the 
station’s  tracking  pass  hours)  is  also  important  particularly  for  determining  the  angular 

position.  With  the  present  performance  of  hydrogen  masers  used  in  the  DSN,  the  clock  is  generally 
not  the  limiting  error  source  in  two  and  three  way  doppler  or  range  measurements.  A  more  detciiled 
description  of  the  error  budget  in  the  navigation  observables  is  given  in  [2]. 

One-way  doppler  measurements  are  seldom  used  at  present  because  of  the  instability  of  spacecraft 
oscillators.  However,  as  spacecraft  oscillators  continue  to  improve  one-way  doppler  may  be  used 
more  fre(|ucntly.  One  obvious  scenario  is  the  case  where  a  number  of  spacecraft  are  in  orbit  around 
a  planet  or  residing  on  its  surface.  It  would  be  desirable  to  have  a  navigation  system  which  did 
not  require  separate  stable  uplink  signals  to  each  vehicle.  If  sufficiently  stable  oscillators  could  be 
placed  on  each  vehicle,  then  all  navigation  could  be  done  utilizing  one-way  links  with  a  single  ground 
tracking  antenna  dramatically  redticing  the  complexity  of  the  ground  equipment  requirements  and 
operati(ni. 

In  VLHI,  the  relative  delay  between  the  arrival  of  a  signal  received  at  a  small  set  of  widely  spaced 
sites  is  measured.  This  delay  is  a  function  of  the  angular  position  of  the  spacecraft.  Because  the 
receive  sites  are  so  widely  separated,  independent  clocks  must  be  used  at  each  site.  Any  clock 
errors  cause  an  error  in  the  measured  delay  creating  an  error  in  the  inferred  angular  position.  This 
would  cause  clocks  to  be  a  major  error  source  in  VLBI  measurements  except  that  a  differential 
observational  technique  is  used  to  remove  many  of  the  instrumental  effects  including  that  of  the 
clocks.  The  technique  is  simply  to  sequentially  observe  the  spacecraft  and  a  natural  radio  source 
whose  angular  position  is  well  established.  In  this  way  the  spacecraft’s  angular  position  is  measured 
relative  to  the  radio  source  and  many  of  the  common  mode  error  sources  such  as  clocks  simply 
cancel. 


V.  Science 

Scientific  experiments  utilizing  radio  instrumentation  have  evolved  largely  out  of  the  navigation 
capability  and  can  require  additional  clock  functions  and  levels  of  performance.  These  experiments 
can  largely  be  broken  into  two  clas.ses.  The  first  measures  gravity  and  celestial  mechanics  related 
parameters.  Two  and  three-way  coherent  doppler  measurements  are  used  to  study  gravity  fields  of 
planets  as  well  as  search  for  very  low  frequency  gravitational  waves.  Two-way  ranging  measurements 
to  the  spacecraft  as  the  spacecraft  flies  by  the  target  body  are  used  to  derive  a  more  accurate  orbital 
ephemeris  of  that  body  . 

The  second  class  of  observations  measures  the  effects  of  media  on  the  telecommunications  signals 
as  they  propagate  between  the  earth  and  spacecraft.  The  various  media  probed  includes  planetary 
atmospheres,  ionospheres,  magnetospheres  and  ring  systems  as  well  as  interplanetary  plasma  gener¬ 
ated  by  the  sun.  .A  particularly  thorough  overview  and  discussion  of  these  propagation  experiments 
is  givf'ii  in  [3]. 

file  different  exi)eriments  each  have  their  own  desires  and  needs.  [4]  discusses  three  of  the  exper- 
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iments  which  have  tended  to  drive  the  performance  of  the  ground  tracking  station  and  spacecraft 
oscillator  performance.  The  celestial  mechanics  experiments  are  typically  operated  in  the  two  and 
three-way  coherent  doppler  modes  and  utilize  the  station’s  clocks  for  frequency  reference.  Oc- 
cultation  and  some  relativity  experiments  are  conducted  in  the  one-way  mode  and  utilize  a  USO 
on-board  the  spacecraft.  The  USO  is  used  as  a  reliable  frequency  reference  in  the  one-way  mode 
when  intervening  media  or  solid  bodies  degrade  or  block  the  uplink  to  the  spacecraft.  The  first 
such  device  was  implemented  on  the  two  Voyager  spacecraft  and  was  very  much  responsible  for 
many  ui  the  impressive  set  of  results  achieved  by  the  Voyager  radio  science  experiments. 

The  USO’s  implemented  to  date  have  consisted  of  a  single  quartz  crystal  oscillator  operating  near 
5  MHz  which  is  multiplied  to  the  desired  microwave  signal  frequency  (e.g.,  X-band).  The  most 
recent  USO’s  built  for  Mars  Observer  and  TOPEX  have  demonstrated  performance  around  one 
part  in  10“^^  from  1  up  to  1000  seconds.  These  crystal  USO’s  are  highly  sensitive  to  the  ambient 
environment  and  are,  as  a  result,  contained  in  temperature  controlled  single  or  dual  oven  dewars; 
thermal  coefficients  can  then  reach  10"^^  per  degree  centigrade.  Depending  on  the  mission  some 
USOs  must  be  radiation  hardened  and  some  must  be  shielded  against  stray  magnetic  fields  generated 
by  adjacent  equipment  on  the  spacecraft.  Despite  the  environmental  sensitivities,  these  oscillators 
are  well  suited  to  planetary  missions,  small,  light  weight  and  consume  a  small  amount  pf  power 
(primarily  for  the  oven)  and  have  optimum  performance  (in  terms  of  the  Allan  deviation)  in  the  1 
to  1000  second  regime  which  is  the  typical  regime  of  interest  for  occultation  type  measurements. 
Unlike  all  the  other  oscillators  on  a  deep  space  spacecraft,  the  USO  is  considered  a  science  payload 
and  is,  therefore,  designed  to  less  stringent  requirements  in  terms  of  reliability  and  redundancy. 
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Figure  1 :  A  typical  deep  space  telecommunications  system 


COMMAND 

modulation 


Figure  2:  Ground  tracking  system  block  diagram 
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RECEIVING 

STATION 


Figure  4:  Transmitting  and  receiving  configuration 
for  two-  and  three-way  data 


Figure  5:  Measuring  angular  position  with  VLBI 


TIMING  SYSTEM  FOR  FIRING  WIDELY 
SPACED  TEST  NUCLEAR  DETONATIONS 


Ralph  E.  Partridge 
Los  Alamos  National  Laboratory 
P.O.Box  1663,  M/S  P947 
Los  Alamos,  New  Mexico  87545 


The  national  nuclear  weapons  design  laboratories  (Los  Alamos  National  Laboratory  and  Lawrence 
Livermore  National  Laboratory)  test  fire  nuclear  devices  at  the  Nevada  Test  Site  (NTS),  which  is 
spread  over  an  area  of  over  1200  square  miles  (a  bit  larger  than  the  state  of  Rhode  Island).  On 
each  test  there  are  hundreds  of  high  time  resolution  recordings  made  of  nuclear  output  waveforms 
and  other  phenomena.  In  order  to  synchronize  these  recordings  with  each  other,  with  the  nuclear 
device,  and  with  offsite  recordings,  there  is  a  requirement  that  the  permanent  command  center  and 
the  outlying  temporary  firing  sites  be  time  tied  to  each  other  and  to  UTC  to  permit  firing  the  shot 
at  a  predetermined  time  with  an  accuracy  of  about  a  microsecond.  The  system  is  so  designed  that 
this  can  be  reduced  to  about  100  nanoseconds  if  it  should  prove  necessary  in  the  future. 

New  firing  sites  are  created  about  every  month.  A  year  or  so  lead  time  is  needed  to  drill  and 
prepare  each  ground  zero  emplacement  hole  and  its  associated  trailer  park  in  the  forward  area.  A 
few  weeks  before  the  nuclear  device  is  brought  in,  the  recording  stations  and  trailers  are  emplaced 
in  the  trailer  park  and  interconnected,  and  dry  runs  begin.  By  this  time  the  trailer  park  timing 
station  has  been  linked  to  the  control  room  at  the  command  center  control  point  by  fiber  optics  or 
microwaves.  The  timing  station  and  the  control  room  are  synchronized  by  travelling  clocks,  by  the 
communication  links,  and  by  GPS  receivers.  The  control  room  can  be  linked  simultaneously  with 
up  to  four  forward  area  sites  in  various  stages  of  preparation. 

Fig.  1  shows  the  location  of  the  NTS  and  its  relationship  to  other  facilities  of  interest  as  seen  from 
a  GPS  satellite.  The  layout  of  the  NTS  is  illustrated  in  Fig.  2.  Test  area  one  is  in  the  flat  desert. 
Areas  two  and  three  are  on  the  Pahute  plateau,  which  is  raised  one  to  two  thousand  feet  above  the 
flats.  In  area  two  shots  are  fired  in  tunnels  bored  a  mile  or  so  northwest  into  the  plateau.  .4rea 
three  is  used  for  the  larger  yield  shots  that  require  greater  depths  of  burial.  Livermore  fires  shots 
in  other  test  areas  not  marked  on  this  map.  In  Fig.  3  we  see  some  of  the  desert  terrain  and  the 
results  of  thirty  years  of  underground  shooting.  The  depressions  are  subsidence  craters  where  the 
earth  has  fallen  in  to  fill  the  void  left  after  a  shot  has  vaporized  and  compressed  the  surrounding 
rock.  Three  trailer  parks  under  construction  can  be  seen  in  the  background.  In  Fig.  4  are  seen  the 
connections  between  the  primary  facilities  of  the  system.  Timing  signals  are  sent  from  the  control 
point  to  the  timing  station  by  fiber  optics  or  microwaves  and  thence  signals  are  coupled  to  the 
‘‘Red  Shack"  (where  some  of  the  nuclear  device  firing  ciruits  are  located),  many  recording  stations, 
and  the  downhole  equipment  rack  by  coaxial  cables  and  fiber  optics.  Signal  waveforms  come  back 
up  from  detectors  in  the  rack  to  be  recorded  in  the  trailers. 

A  typical  experiment  rack  is  shown  in  Fig.  5.  It  is  about  six  feet  in  diameter  and  100  feet  long. 
The  canister  containing  the  nuclear  device  will  be  attached  at  the  lower  end,  which  is  facing  us  in 
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this  picture.  Note  the  large  number  of  cables  attached  to  the  upper  end.  The  largest  cranes  can  lift 
1,000,000  pounds  (500  tons).  Fig.  6  shows  a  typical  trailer  park.  The  tower  in  the  background  is 
where  the  rack  is  suspended  while  the  detectors  and  nuclear  device  are  being  installed.  Emanating 
from  the  tower  is  the  loop  of  cables  that  eventually  will  go  downhole.  Next  to  the  cables  is  a  train 
of  carts  that  carry  the  cables  to  the  hole  during  the  trip  downhole.  The  timing  station  and  red 
shack  are  on  the  right  side,  and  the  microwave  antennas  can  be  seen  on  the  short  white  towers. 

(hirrently  the  primary  time  reference  for  the  test  site  is  maintained  in  an  EG&G  laboratory  in  North 
L;is  Vegas.  EG&G  and  we  collaborate  in  d-  veloping  the  time  system.  The  North  Las  Vegas  location 
is  now  used  only  for  historical  reasons,  ano  .ve  plan  to  move  it  to  the  control  point  soon.  Time  is 
obtained  from  NIST  by  common  view  of  GPS  satellites  and  a  modem  connection.  NIST  provides 
us  with  a  monthly  record  of  our  clock’s  performance  with  a  resolution  of  about  ten  nanoseconds. 
This  time  is  transferred  by  a  portable  rubidium  clock  from  North  Las  Wgas  to  the  control  point 
about  85  miles  northwest.  Transfer  is  accomplished  monthly,  weekly,  or  daily,  depending  on  the 
current  level  of  .activity  at  the  NTS.  A  separate  GPS  receiver  at  the  control  point  maintains  an 
independent  check.  The  control  point  clock  and  this  receiver  continuously  monitor  each  other,  and 
we  vv.atch  this  comparison  by  modem  from  Los  Alamos  when  we  are  not  at  the  NTS. 

The  major  components  of  the  system  are  diagrammed  in  Fig.  7.  The  master  clock  for  the  NTS 
resides  in  the  control  room.  Time  is  transferred  from  there  to  the  forward  area  trailer  park  timing 
station  clock  either  by  the  portable  rubidium  clock  or  by  the  forward  area  clock  synchronizer 
(F-VrS).  The  latter  equipment  sends  the  basic  one  pulse  per  second  (1  pps)  signal  to  the  forward 
area  over  fiber  optics  or  a  microwave  link  and  measures  the  time  required  for  it  to  be  returned  from 
the  timitig  station.  Stibsequent  pulses  are  then  advanced  in  time  and  are  sent  out  early  by  half  of  the 
round  trip  delay  time  so  that  they  arrive  at  the  timing  station  on  time.  The  resolution  of  the  time 
advance  is  twenty  nanoseconds  when  the  signals  are  sent  over  fiber  optics  or  baseband  microwave, 
and  about  800  nanoseconds  when  they  are  multiplexed  with  other  signals  on  the  microwave  links. 
The  portable  clock  can  check  the  setting  of  the  forward  area  clock  with  a  resolution  of  twenty 
nanoseconds.  .-\  GPS  receiver  is  sometimes  used  in  the  timing  station  for  an  independent  check. 

'I’wo  of  the  available  1  pps  sources  (clock.  FACS,  or  GPS  receiver)  in  the  timing  station  are  chosen 
to  be  redundant  trains  from  which  a  single  pulse  will  eventually  be  selected  to  fire  the  nuclear 
explosive.  Currently  GPS  is  in  disfavor  for  this  use  because  its  system  integrity  is  not  sufficiently 
assured  to  inspire  confidence  that  the  pulse  train  will  not  experience  sudden  jumps.  Such  jumps 
have  indeed  been  observed.  When  the  system  achieves  an  integrity  level  such  that  the  FAA  will 
approve  it  for  terminal  area  aircraft  navigation,  it  probably  will  become  the  source  of  choice.  An 
alternative  may  be  to  use  two  receivers  that  look  at  different  groups  of  satellites,  with  an  oversight 
circuit  that  requires  that  the  independent  sources  agree  on  the  time  to  within  a  suitable  tolerance. 
This  approach  may  be  feasible  as  soon  as  a  few  more  satellites  are  in  orbit.  Microwave  channel 
noise  could  c.ause  the  F.ACS  to  generate  pulses  at  incorrect  times.  For  the  time  being  this  possibility 
is  being  minimized  by  only  opening  a  short  time  window  in  which  pulses  will  be  accepted.  On  the 
drawing  board  we  have  a  flywheel  circuit  to  be  in.serted  between  the  microwave  system  and  the 
F.ACS  interface.  Moth  rubidium  and  crystal  oscillators  are  being  investigated  for  use  in  the  flywheel. 

In  the  control  room  the  1  pps  train  and  standard  frequencies  from  the  master  clock  are  sent  along 
with  ati  IRIG-B  time  code  to  the  master  signal  programmer.  The  programmer  contains  a  series 
of  elect ricully  programmable  read-only  memory  chips  (EPROMs)  into  which  h<ave  been  burned 
thf'  non  time  critical  control  signals  that  are  to  be  sent  out  for  this  particular  nuclear  test.  As 
the  countdown  progresses,  the  signals  are  encoded  and  multiplexed  and  sent  over  the  fiber  optic 


120 


or  microwave  channels  to  the  timing  station  in  the  forward  area,  where  they  are  demultiplexed, 
decoded,  and  converted  to  contact  closures  sent  to  the  recording  stations.  .4  number  of  signals 
also  go  to  the  red  shack  and  perform  several  preliminary  operations  that  are  needed  to  prepare  the 
device  for  firing. 

Near  the  end  of  the  countdown  the  programmer  sends  the  fire  enable  signal  just  before  the  second 
on  which  the  device  is  to  be  fired.  This  closes  a  relay  that  lets  the  ORed  1  pps  trains  pass  through 
to  the  device  firing  circuits,  and  the  first  immediately  succeeding  pulse  fires  the  device.  There  is  a 
plethora  of  precautions,  procedures,  and  circuits  to  ensure  that  an  inadvertent  firing  can  not  take 
place.  In  addition,  there  are  a  number  of  interlocks  in  series  with  the  fire  enable  line  to  ensure  that 
the  firing  circuits  and  a  number  of  the  more  critical  recording  facilities  are  ready.  There  may  be 
an  additional  arbitrary  delay  added  between  the  1  pps  train  and  the  actual  firing  pulse.  This  is 
somewhat  analogous  to  the  Selective  Availability  (SA)  used  by  DoD  on  the  GPS  satellite  signals 
to  deny  their  full  accuracy  to  unauthorized  u.sers. 

The  largest  array  of  equipment  is  used  to  provide  more  accurate  timing  signals  to  those  users  who 
require  them.  One  of  the  signals  emanating  from  the  signal  programmer  is  a  countdown  time  code. 
This  contains  a  bit  stream  enumerating  the  countdown  time  at  the  last  1  pps  tick  and  the  time 
for  the  next  tick.  The  starting  time  for  the  countdown  can  be  anywhere  from  minus  a  few  minutes 
to  minus  99:59,  depending  on  requirements  of  the  test.  This  countdown  time  code  is  sent  to  the 
timing  station  over  fibers  or  microwaves  and  there  it  is  pulse  width  modulated  on  a  one  megahertz 
carrier  along  with  other  control  signals  and  is  distributed  with  the  1  pps  via  fiber  optics  to  the 
recording  stations. 

In  each  station  there  is  a  "user  box”  that  receives  the  code  and  into  which  the  user  enters  up  to 
eight  desired  times  for  events  related  to  recording  or  downhole  control  to  occur.  Typical  functions 
that  a  user  might  want  to  perform  are  opening  of  camera  shutters,  triggering  of  digitizers,  turning 
on  power  supplies,  starting  a  calibration  sequence,  or  operating  downhole  vacuum  valves.  Fig.  8 
shows  the  front  panel  of  a  prototype  unit.  The  countdown  time  and  status  are  displayed  in  the 
upper  left  corner  for  the  convenience  of  the  operators  during  dry  runs.  In  the  lower  right  portion  of 
the  panel  is  where  the  desired  event  times  are  entered.  Above  it  the  stored  times  can  be  displayed. 
.\n  in  station  dry  run  can  be  performed  using  the  controls  in  the  lower  left  corner,  without  the 
need  for  a  system-wide  run. 

file  event  times  are  stored  in  nonvolatile  memory  with  a  resolution  of  one  microsecond.  As  the 
countdown  reaches  each  of  these  preselected  times,  its  associated  channel  generates  a  selectable- 
width  pulse,  a  dc  level  shift,  and  a  form  C  relay  contact  actuation.  The  user  can  reprogram  his 
choices  of  times  up  until  shortly  before  the  final  dry  run,  but  a  flag  is  sent  back  to  the  control  room 
when  he  does  so.  in  order  that  the  test  director  and  control  room  personnel  know  that  there  have 
been  changes  made.  Any  channel  can  be  used  to  turn  off  the  dr  level  shift  and  contact  actuation 
from  a  previous  channel.  This  provides  a  start-stop  mode  of  control  for  experiments  that  need  such 
a  capability.  The  user  ran  also  decide  whether  or  not  a  dc  level  shift  or  contact  actuation  should 
be  dropped  in  the  event  of  a  hold  in  the  countdown  after  that  particular  event  time  has  occurred. 

Offsite  users  who  are  not  directly  connected  into  the  timing  system  use  CiPS  receivers  or  independent 
clocks  to  keep  time.  They  then  have  their  equipment  continuously  subtract  the  predicted  firing  time 
from  the  current  time  to  obtain  countdown  time.  In  the  event  of  a  hold,  information  to  update  the 
firing  time  can  be  transmitted  as  time  offsets  by  VHF  radio  or  modems,  or  by  ordinary  telephone 
conversations  if  the  remote  station  is  manned. 
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At  Los  Alamos  we  maintain  a  time  laboratory  that  we  use  in  developing  systems  for  use  at  the 
NTS.  There  we  keep  two  cesium  oscillators,  various  rubidium  and  crystal  oscillators,  GPS  receivers, 
a  countdown  signal  programmer,  and  simulated  multiplexed  microwave  and  fiber  optic  links. 
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Naval  Space  Surveillance  Center  Uses  of 
Time,  Frequency  and  Phase 


Carroll  C.  Hayden  and  Stephen  H.  Knowles 
Naval  Space  Surveillance  Center 
Dahlgren,  Va.  22448-5180 


The  NavaJ  Space  Surveillance  Center  (NAVSPASUR)  is  an  operational  naval  command  that  has 
the  mission  of  determining  the  location  of  all  manmade  objects  in  space  and  transmitting  informa¬ 
tion  on  objects  of  interest  to  the  fleet.  NAVSPASUR  operates  a  217  MHz  radar  fence  that  has  9 
transmitting  and  receiving  stations  deployed  in  a  line  across  southern  CONUS.  This  surveillance 
fence  provides  unalerted  detection  of  all  satellites  overflying  CONUS.  NAVSPASUR  also  maintains 
a  space  catalog  of  all  orbiting  space  objects,  including  payloads,  rocket  bodies  and  debris,  and 
distributes  information  on  satellite  orbits  to  the  fleet  and  other  users  by  means  of  Navy  tactical 
communication  circuits  and  other  means.  NAVSPASUR  plays  an  important  role  as  operational 
alternate  to  the  primary  national  Space  Surveillance  Center  (SSC)  and  Space  Defence  Operations 
Center  (SPADOC)  located  in  Colorado  Springs,  Colorado.  In  executing  these  responsibilities, 
NAVSP.4SUR  has  need  of  precise  and/or  standardized  time  and  frequency  in  a  number  of  applica¬ 
tions.  These  include  maintenance  of  the  radar  fence  references  to  specification,  and  coordination 
with  other  commands  and  agencies  for  data  receipt  and  dissemination.  Precise  time  and  frequency 
must  be  maintained  within  each  site  to  enable  proper  operation  of  the  interferometry  phasing  tech¬ 
nique  used.  Precise  time-of-day  clocking  must  exist  between  sites  for  proper  intersite  coordination. 
After  Time  tags’  are  attached  to  the  data  at  the  receiver  sites,  proper  referencing  and  standardiza¬ 
tion  are  necessary  at  the  Dahlgren,  Va.  operations  center  to  ensure  proper  data  synchronization 
and  communications  with  the  fleet  and  other  agencies. 

Time  as  such  is  not  required  at  the  transmitters  as  presently  configured  because  of  the  continuous 
wave  (AO)  modulation  used.  If  possible  plans  to  make  the  entire  phase- coherent  for  VLBI  operation 
are  implemented,  this  requirement  Time  is  required  at  the  receiver  sites  with  an  accuracy  at  the 
millisecond  level.  The  basic  timing  accuracy  needed  is  controlled  by  satellite  kinematics  that  result 
in  a  near-earth  satellite  velocity  of  about  7.5  kilometers  per  second.  Planned  sensor  improvements 
are  expected  to  result  in  an  achievable  sensor  accuracy  of  about  50  meters.  To  avoid  adding  error 
the  station  timing  should  be  at  least  lOX  more  precise.  This  results  in  a  required  timing  accuracy 
of  ±0.5  millisecond  for  an  equivalent  position  error  of  less  than  5  meters.  While  this  accuracy 
is  well  within  the  current  state  of  the  art,  it  is  not  achieved  by  the  HF  WWV  receivers  used  at 
present.  HF  timing  suffers  from  unreliable  propagation  and  can  have  errors  of  several  milliseconds. 
The  planned  installation  of  GPS  timing  will  result  in  a  timing  accuracy  more  than  sufficient  for 
NAVSPASUR’s  needs. 

Frequency  is  presently  precisely  controlled.  Frequency  at  both  transmitter  sites  (three)  and  receiver 
sites  (six)  is  controlled  by  cesium  beam  frequency  standards,  which  maintain  the  216.980  MHz. 
carrier  frequency  and  all  local  oscillators  within  ±0.001  Hz.  Spurious  control  on  the  transmitter 
emissions  is  -80  dBc  or  better. 
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Phase  may  be  considered  a  derivative  of  time  and  frequency.  Its  control  within  each  transmitter  or 
receiver  site  is  of  great  importance  to  NAVSPASUR  becau.se  of  the  operation  of  the  sensor  as  an 
interferometer  system,  with  source  direction  angles  as  the  primary  observable.  Determination  of 
the  angular  position  of  a  satellite  is  d'rectly  dependent  on  the  accuracy  with  which  the  differential 
phase  between  spaced  subarrays  can  be  measured  at  each  receiver  site.  Interferometer  lobe  width 
is  about  II  arcminutes  on  the  sky.  The  high  signal  to  noise  ratio  for  many  satellites  means  that 
angular  accuracies  of  0.1  arcminutes  or  less  can  be  achieved.  This  corresponds  to  a  phase  angle 
accuracy  of  about  2  degrees.  Since  one  217  MHz  w'avelength  is  equivalent  to  about  5  nano,seconds 
of  time,  a  2  degree  phase  accuracy  requires  about  25  picoseconds  relative  time  control.  Thus, 
i\.\VSP.‘\.SUR  has  a  requirement  for  very  precise  time  control  within  the  up  to  2  mile  confines 
of  each  site.  If  VLBI  techniques  are  instituted  in  the  future,  between-sites  phase  control  to  this 
pre'  ision  wall  also  be  necessary. 

NAVSP.4SUR  also  attaches  great  importance  to  minimizing  a  quantity  that  may  be  called  timeli¬ 
ness.  Timeliness  refers  to  the  time  interval  required  for  processing  and  communication  in  analyzing 
and  transmitting  data  to  customers.  While  not  customarily  thought  of  as  precise  time,  minimiza¬ 
tion  of  processing  delays  is  of  great  importance  to  the  utility  of  NAVSPASUR’s  perishable  data 
product. 

Figures  1  and  2  show  simplified  views  of  time/frequency/phase  usage  at  NAVSPASUR  receiver  and 
transmitter  sites.  Installation  of  dual-frequency  GPS  receivers  at  all  sites  is  planned.  This  will  serve 
several  purposes.  It  will  eliminate  the  timing  errors  of  up  to  5  milliseconds  that  presently  reduce 
accuracy  on  fence  observations.  It  will  allow  better  calibration  and  monitoring  of  the  performance 
of  our  cesium  beam  frequency  standards.  It  will  allow  a  direct  correction  for  the  effect  of  the 
ionosphere,  which  causes  a  significant  uncalibrateable  refraction  error  in  our  measured  direction 
angles  at  present. 

.\nother  important  application  of  innovative  technology  is  in  the  use  of  fiber-optics  cables  to  pro¬ 
vide  within-site  phase  calibration.  As  mentioned  above,  NAVSPASUR  requires  maintenance  of 
carrier  phase  to  within  ±25  picoseconds  throughout  each  site  over  a  wide  variety  of  environmental 
conditions.  The  current  technique,  implemented  when  the  radar  system  was  first  constructed  30± 
years  ago,  uses  air-dielectric  coaxial  calibration  cables,  and  has  proven  unsatisfactory  because  of 
well-known  coaxial  cable  stability  deficiencies.  This  problem  is  especially  crucial  at  our  main  Lake 
Kickapoo,  Texas  transmitter  site,  so  a  fiber  optics  calibration  design  w'as  developed  for  installation 
there  [l].  ,'Vlthotigh  use  of  fiber  optics  for  digital  data  transmission  is  well  developed,  phase-stable 
distribution  of  an  analog  signal  required  development  of  state-  of-the-art  techniques.  The  basic 
configuration  of  the  fiber  optics  system  is  shown  in  Figure  3.  The  physical  layout  of  the  Kickapoo 
transmitter  consists  of  a  two-mile  long  array  of  dipoles,  each  with  its  own  power  amplifier.  For 
control  purposes,  this  array  is  divided  into  18  bays.  The  phase  calibration  is  applied  at  the  bay 
level.  The  basic  requirement  for  the  fiber  optics  system  is  that  it  maintain  a  phase  stability  within 
±2  degrees  across  all  bays,  over  the  expected  range  of  environmental  variations  at  this  north  Texas 
site.  It  must  be  reliable,  easily  maintainable  and  have  an  expected  service  life  of  at  least  15  years. 
Several  operating  modes  were  considered,  including  active  (closed  loop  phase  compensation)  and 
passive  (open  loop  operator  adjusted)  and  compari.son  at  the  central  site  or  at  each  bay.  The  pas¬ 
sive  central  site  approach  was  chosen  as  providing  adequate  performance  at  minimum  cost.  It  will 
utilize  existing  phase  tnonitor  and  control  equipment  and  software.  A  loose-tube  single  mode  opti¬ 
cal  fiber  manufactured  by  Siecor  was  chosen.  Transmitters  at  each  bay  are  temperature-controlled 
to  minimize  variations  with  temperature. 


128 


The  above  two  projects  are  two  items  being  undertaken  as  part  of  a  comprehensive  effort  being 
undertaken  under  the  direction  of  the  Commanding  Officer,  Capt.  H.VV.  Turner  IV,  to  optimize 
the  performance  of  our  sensor  .  Figure  4  shows  the  overall  plan.  Emphasis  is  placed  on  utilizing  in- 
house  capability  to  the  maximum  extent  possible.  The  overall  plan  includes  emphases  in  improved 
communications  with  other  sensor  sites  and  users,  on  improved  sensor  electronics  and  on  improved 
reliability/maintainability.  Areas  of  particular  importance  to  precision  time/frequency/phase  in¬ 
clude  improved  use  of  time/frequency  standards  and  improved  site  phase  control.  There  are  also 
several  new  initiatives  being  undertaken  in  the  central  operations  center  software  that  are  of  im¬ 
portance.  These  include  optimization  of  the  software  used  to  reduce  observations,  compensation 
for  the  space  environment,  improvement  of  the  propagator  used  for  observation  comparison,  and 
an  improved  sensor  performance  monitoring  system. 

The  present  complex  routine  used  to  determine  angular  position,  known  as  ADR,  is  being  rewritten 
to  provide  proper  time  synchronization  between  sites  used  to  form  a  triangulated  position.  This 
will  eliminate  a  differential  timing  error  that  could  result  in  the  worst  case  in  up  to  50  milliseconds 
misalignment  between  observations.  In  addition,  this  rewrite  will  result  in  an  optimized  extraction 
of  all  possible  information  from  each  pass,  and  should  result  for  the  first  time  in  significant  single¬ 
pass  capability  for  NAVSPASUR.  Increased  attention  is  also  being  paid  to  calibration  of  the  system 
phases  via  software.  We  are  using  certain  precision  orbits  that  are  seen  by  the  fence  on  a  regular 
basis  to  calibrate  system  constants  including  antenna  separations  and  station  parameters. 

The  ionosphere  perturbs  the  apparent  direction  of  arrival,  especially  near  the  horizon,  by  up  to 
several  arcminutes  in  a  way  that  cannot  be  modeled  well  a  priori.  Use  of  dual-frequency  GPS 
receivers  should  greatly  reduce  errors  from  this  source.  Use  of  calibration  satellites  with  accurately 
known  positions  can  also  provide  a  somewhat  less  effective  alternative. 

The  largest  single  error  source  for  most  low-altitude  satellite  orbits  is  the  uncertainty  in  the  atmo¬ 
spheric  drag.  NAVSPASUR  is  implementing  a  procedure  using  a  Kalman  filter  sequential  estimator 
technique  for  real-time  measurement  and  compensation  of  this  effect.  This  should  result  in  signif¬ 
icantly  better  performance  and  fewer  lost  satellites  (UCTs),  especially  under  worst  case  or  solar 
storm  conditions. 

A  final  area  of  improvement  is  in  the  propagator  used.  NAVSPASUR  presently  uses  an  orbita’ 
propagator  developed  by  Dirk  Brouwer  in  1959.  This  propagator  has  an  expected  accuracy  of  only 
about  500  meters  for  near-earth  orbit.  An  improved  propagator  when  installed  should  result  in  a 
significantly  improved  accuracy.  Standardization  of  the  propagators  is  an  equally  important  issue. 
The  surveillance  community  has  suffered  from  the  existence  of  different  software  at  different  instal¬ 
lations  that,  while  each  capable  of  providing  an  adequate  representation  of  the  motion  of  a  body, 
produce  discordant  results  when  using  another  group’s  elements.  The  United  States  Space  Com¬ 
mand  (USSPACECOM)  is  presently  undertaking  an  initiative  to  standardize  these  astrodynamic 
codes  and  constants,  in  which  NAVSPASUR  is  participating.  This  work  when  completed  should 
have  significant  impact  on  the  precision  GPS  orbits  used  in  much  PTTI  work. 

These  initiatives  when  fully  implemented  should  result  in  an  improvement  in  our  observational 
accuracy  from  the  present  400  meters  nominal  to  a  goal  of  between  50  and  100  meters. 

In  summary,  time  and  frequency  referencing  will  play  a  critical  role  in  NAVSPASUR’s  meeting 
future  operational  requirements.  NAVSPASUR  is  working  together  with  other  DoD  organizations, 
including  USSPACECOM,  our  parent  Naval  Space  Command,  SPAWAR,  the  Naval  Observatory, 
the  Naval  Research  Laboratory  and  other  naval  commands,  as  well  as  with  such  non-DoD  groups 
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as  NASA  and  the  AIAA,  to  ensure  optimum  use  of  time,  frequency  and  phase  in  engineering  our 
system. 
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Abstract 

There  are  many  applications  of  precise  time  and  time  interval  (frequency)  in  operating  modem  elec¬ 
tric  power  systems.  Many  generators  and  customer  loads  are  operated  in  paralleL  The  reliable  transfer 
of  electrical  power  to  the  consumer  partly  depends  on  measuring  power  system  frequency  consistently 
in  many  locations.  The  internal  oscillators  in  the  widely  dispersed  frequency  measuring  units  must  be 
syntonized. 

Elaborate  protection  and  control  systems  guard  the  high  voltage  equipment  from  short  and  open 
circuits.  For  the  highest  reliability  of  electric  service,  engineers  need  to  study  all  control  system  operations. 
Precise  timekeeping  networks  aid  in  the  anatysis  of  power  system  operations  by  synchronizing  the  clocks  on 
recording  instruments.  Utility  engineers  want  to  reproduce  events  that  caused  bss  of  service  to  customers. 
Precise  timekeeping  networks  can  synchronize  protective  relay  test-sets. 

For  dependable  electrical  service,  ad  generators  and  latge  motors  must  remain  close  to  speed  syn¬ 
chronism.  The  stable  response  of  a  power  system  to  perturbations  is  critical  to  continuity  of  electrical 
service.  Research  shows  that  measure-  ment  of  the  power  system  state  vector  can  aid  in  the  monitoring 
and  control  of  system  stability. 

If  power  system  operators  know  that  a  lightning  storm  is  approaching  a  critical  transmission  line  or 
transformer,  they  can  modify  operating  strategies.  Knowledge  of  the  location  of  a  short  circuit  fault  can 
speed  the  re-energizing  of  a  transmission  line.  One  fault  location  technique  requires  clocks  synchronized 
to  one  microsecond  (ps).  Current  research  seeks  to  find  out  if  one  microsecond  timekeeping  can  aid  and 
improve  power  system  control  and  operation. 


I.  INTRODUCTION 

At  previous  meetings  of  this  and  other  conferences,  engineers  and  scientists  have  discussed  precise 
time  and  time  interval  (PTTI)  applications  to  electric  power  systems  [1,2, 3, 4].  One  application 
was  the  time  synchronizing  of  recording  instruments.  The  accuracy  was  1  millisecond  (ms)  accuracy 
with  respect  to  Coordinated  Universal  Time  (UTC).  One  millisecond  was  the  design  goal  because 
a  recording  instrument  called  a  sequential  events  recorder  (SER)  had  1  ms  resolution.  Moderately 
priced  “range  timing”  equipment  developed  for  missile  tracking  was  used  without  extensive  changes 
[1,3]. 

Frequency  plays  an  important  role  in  power  systems  operations.  Alternating  current  (AC)  circuits 
transmit  most  of  our  electrical  energy.  There  are  two  basic  requirements  for  the  successful  operation 
of  AC  systems: 
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1.  Large  generators  and  (synchronous)  motors  must  remain  in  close  speed  synchronism, 

2.  Voltages  must  be  kept  near  their  rated  values  [5]. 

A  power  system  is  a  dynamic  non-linear  structure  that  uses  feedback  control  to  maintain  these 
requirements.  For  example,  a  feedback  loop  regulates  generator  voltage  by  varying  the  voltage  on 
the  field  winding  [6].  A  feedback  technique  called  “net  interchange  tie  line  bias  control”  controls 
the  balance  between  generation  and  consumption  (load)  over  a  utilities  service  area. 

A  closely  related  concept  is  the  idea  of  power  system  stability.  A  power  system  is  stable  if,  after 
a  disturbance,  the  response  is  dampened  and  the  system  settles  to  a  new  operating  condition  in 
finite  time  [7].  Instability  is  when  some  generators  lose  speed  synchronism  and  go  “out-of-step.” 
We  will  discuss  this  idea  in  a  later  section. 

The  electric  power  system  of  the  United  States,  Canada  and  northern  Baja  California,  Mexico 
is  divided  into  nine  regional  reliability  councils.  Examples  are  the  Electric  Reliability  Council  of 
Texas  (ERCOT)  and  the  Western  Systems  Coordinating  Council  (WSCC).  Through  the  North 
American  Electric  Reliability  Council  (NERC)  these  councils  coordinate  policy  issues.  One  issue 
is  the  reliable  operation  of  generation  and  transmission  facilities  and  the  adequacy  and  security  of 
member  electric  systems  [8]. 

.4  large  interconnected  power  system  is  divided  into  many  “control  areas.”  Usually  one  utility 
operates  a  control  area  that  serves  a  particular  geographical  region.  During  emergencies  control 
areas  share  on-line  standby  generation  (called  “spinning  reserve”)  [9].  The  larger  structure  is  called 
an  inter-connection  or  grid.  A  disadvantage  of  an  inter-connection  is  stability  is  harder  to  maintain 
[10]. 

The  word  “synchronize”  has  different  meanings  in  different  parts  of  this  paper.  Synchronous  gen¬ 
erators  produce  most  electrical  power  and  energy.  Here  synchronous  refers  to  a  particular  type  of 
electrical  machinery.  When  we  say  generators  must  remain  in  synchronism  for  successful  opera¬ 
tion,  we  mean  speed  synchronism.  Many  applications  discussed  in  this  paper  require  accurate  clock 
synchronizations.  In  this  instance,  we  mean  time  synchronism. 


II.  MORE  INFORMATION 

FOR  POWER  SYSTEM  OPERATORS 

Modern  electric  power  systems  use  very  high  voltage  to  send  large  blocks  of  power  over  long 
distances.  A  lightning  strike  to  an  energized  conductor  causes  a  voltage  impulse  that  usually  jumps 
across  the  electrical  insulation.  Faulted  pieces  of  equipment  or  transmission  lines  must  be  quickly 
isolated  from  all  sources  of  power. 

A  protective  relay  is  specialized  equipment  designed  to  detect  short-circuit  faults.  When  a  relay 
detects  a  fault,  it  sends  a  signal  to  a  power  circuit  breaker.  A  relay  may  be  inactive  for  several 
years  before  having  to  respond  to  a  power  system  fault.  A  transmission  line  relay  may  have  to 
estimate  the  distance  to  a  fault  and  decide  if  the  fault  is  internal  or  external  to  the  transmission 
line  [11].  The  time  interval  from  fault  inception  to  the  opening  of  the  PCB  may  have  to  be  one  or 
two  electrical  cycles  to  maintain  system  stability. 

The  protection  system  may  mis-operate  occasionally.  These  improper  responses  significantly  affect 
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system  operations  and  can  lead  to  power  system  instability.  Years  could  pass  before  engineers  find 
errors  in  relay  applications  or  settings.  Records  kept  by  NERC  show  that  relay  mis-operations  play 
a  large  role  in  the  major  power  system  disturbances  and  blackouts  [12]. 

The  number  of  faults  on  a  typical  transmission  line  ranges  from  1  every  few  years  to  15  per  year. 
Light  beam  or  digital  oscillographs  record  selected  voltage  and  current  waveshapes  for  later  analysis 
[13].  Some  protective  relays  can  produce  time  synchronized  event  reports  [14].  A  millisecond 
timekeeping  network  can  turn  isolated  recorders  and  relays  into  a  system-wide  analysis  tool.  Many 
utilities  have  wisely  synchronized  to  UTC  so  any  recorded  event  can  be  related  to  any  other  time- 
tagged  event. 

Information  from  a  digital  oscillograph,  a  SER,  and  relays  in  some  cases  can  be  remotely  retrieved 
and  processed  in  a  “master  station”  [15],  It  is  my  experience  that  the  master  stations  do  not 
synchronize  the  recording  instruments.  Recording  systems  need  a  separate  timekeeping  network. 

Information  about  lightning  activity  can  aid  system  operation.  If  a  lightning  storm  is  raging  near  a 
critical  transmission  line  or  substation,  the  system  operators  may  start  contingency  measures.  The 
amount  of  power  transported  along  a  key  transmission  line  may  be  decreased.  Say  a  lightning  strike 
Wcis  detected  near  a  transmission  line  at  about  the  same  time  the  protection  system  de-energized  the 
line.  With  this  information  the  control  system  or  power  system  operator  could  quickly  reenergize 
this  line  (see  the  section  on  fault  location). 

One  commercial  lightning  detection  network  uses  a  time  of  arrival  technique.  Time  synchronization 
is  presently  by  LORAN-C.  The  network  may  use  GPS  in  the  future  [16].  Orville  and  Songster  [17] 
discuss  a  lightning  detection  network  developed  by  the  State  University  of  New  York  at  Buffalo. 


III.  POWER  SYSTEMS  OPERATIONS 

The  measurement  of  power  system  frequency  plays  an  important  role  in  the  operation  of  an  inter¬ 
connected  system.  At  the  1986  PTTl  meeting  Dr.  Giles  Missout  pointed  out  that  electric  utilities 
operate  the  largest  frequency  dissemination  system.  As  shown  on  Table  1  the  accuracy  of  this 
frequency  has  been  decreasing.  The  reason  for  this  is  economic.  When  the  power  system  frequency 
can  vary  within  wider  bounds,  the  power  output  of  large  generators  do  not  have  to  changed  as 
often.  Steady  power  output  is  the  most  efficient  operating  mode  for  thermal  generation  plants. 

System  frequency  is  a  sensitive  indicator  of  the  health  of  the  power  system.  Frequency  reflects 
the  balance  between  real  (active)  power  generation  and  consumption  [6].  Frequency  measurements 
between  different  control  areas  need  to  be  accurate  and  syntonized. 

An  instrument  called  a  power  system  time  and  frequency  monitor  measures  four  quantities;  stan¬ 
dard  frequency,  standard  time  (UTC),  power  system  frequency,  and  power  system  time.  Time  error 
is  the  difference  between  UTC  and  power  system  time.  To  standardize  measurements  the  histor¬ 
ical  source  of  standard  time  and  frequency  synchronization  has  been  low  frequency  radio  station 
WWVB  [18].  A  utility  can  now  purchase  equipment  that  uses  WWVB,  GOES,  0MEG.4  or  GPS 
for  synchronization. 

Operators  control  the  frequency  of  the  power  grid  to  roughly  ±0.05  Hz  of  the  nominal  frequency. 
Beyond  good  operating  practice,  there  is  no  formal  requirement  on  frequency  deviation.  Operators 
monitor  time  error,  the  integral  of  frequency  deviation  and  corrected  over  a  longer  period.  Table  1 
lists  acceptable  time  errors  within  three  different  North  American  inter-connections  [19]. 
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TABLE  1.  Time  Error  Correction  Practices. 


Time  Error 

Time  of 
Day 

Initiation 

Termination 

0000-0400 

-4 

-2 

-3 

0 

±0.5 

±0.5 

SLOW 

0400-2000 

-8 

-2 

-3 

-4 

±0.5 

±0.5 

2000-2400 

-4 

-2 

-3 

0 

±0.5 

±0.5 

0000-0400 

+8 

+4 

+3 

+4 

±0.5 

±0.5 

0400-1200 

+4 

+2 

+3 

0 

±0.5 

±0.5 

FAST 

1200-1700 

+8 

+2 

+3 

+4 

±0.5 

±0.5 

1700-2000 

+4 

+2 

+3 

0 

±0.5 

±0.5 

2000-2400 

+8 

+2 

+3 

+4 

±0.5 

±0.5 

Note:  The  entries  refer  to  Eastern  US,  Western  US  and  Texas 


Within  an  interconnection  one  control  area  acts  as  timekeeper.  Periodically  the  timekeeper  trans¬ 
mits  its  measured  time  error  so  other  control  areas  can  reset  their  measurements.  When  the  time 
error  exceeds  the  listed  amount  the  timekeeper  directs  all  members  of  the  interconnection  to  raise 
or  lower  the  “scheduled”  system  frequency.  The  entire  interconnection  is  then  operated  at  this 
higher  or  lower  frequency.  System  frequency  is  returned  to  60  Hz  when  the  time  error  is  reduced 
to  the  values  shown  on  Table  1. 


IV.  POWER  SYSTEM  CONTROL 

Many  power  systems  are  operated  in  an  “open  loop”  manner.  For  an  example,  assume  that  lightning 
strikes  a  transmission  line  that  is  not  automatically  reclosed.  The  protective  relays  will  detect  the 
fault  and  trip  the  power  circuit  breakers.  These  events  are  displayed  at  a  centralized  control  center. 
If  there  is  no  sign  of  trouble,  a  power  system  operator  closes  the  power  circuit  breakers  to  return 
the  line  to  service.  The  time  interval  is  typically  one-half  to  two  minutes.  This  procedure  has 
worked  well  for  slowly  changing  system  events. 

Present  power  system  protection  is  divided  into  discrete  and  slightly  overlapping  domains  of  mea¬ 
surement  and  control  called  zones  of  protection.  Equipment  assigned  to  one  zone  of  protection  is 
mostly  unaware  of  events  outside  that  zone.  The  state  of  the  power  system  can  change,  but  pre¬ 
programmed  settings  fix  the  response  of  most  relays.  Changing  the  settings  on  an  electromechanical 
relay  is  a  multi-hour  task. 

Modern  microprocessor  based  relays  offer  new  possibilities.  Through  communications  ports,  relays 
can  have  their  settings  changed  in  response  to  changes  in  the  high  voltage  system.  This  is  called 
“adaptive"  relaying  [20,21].  Nested  in  the  idea  of  adaptive  relaying  is  the  move  toward  a  hierarchy 
of  control  and  protection  equipment.  The  digital  relay  communicates  with  computers  that  monitor 
and  control  the  entire  substation.  In  turn,  the  substation  computer  communicates  with  another 
computer  at  the  dispatch  or  control  center. 

Stability  The  thermal  capacity  of  the  conductors  is  usually  not  the  limiting  factor  for  the  power 
that  can  be  sent  over  a  transmission  line.  Often  the  limiting  factor  is  power  system  stability.  Above 
a  certain  level,  any  additional  transmitted  power  causes  .some  generators  to  loose  speed  synchronism 
and  go  “out  of  step."  F’rotective  equipment  would  remove  these  generators  from  service,  possibly 
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causing  an  imbalance  between  generation  and  consumption.  Loss  of  generation  in  one  control  area 
could  cause  an  overload  on  a  transmission  line  or  transformer.  Soon  the  relays  may  remove  this 
equipment  from  service  possibly  leading  to  a  blackout  [22]. 

There  is  a  limit  to  the  dynamic  performance  of  an  isolated  protective  relay  that  uses  local  infor¬ 
mation  only.  Hansen  and  DaJpiaz  point  out: 

. . .  it  seemed  that  with  each  new  line  installation,  the  task  of  coordinating  the  OOS 
(out-of-step)  relays  grew  more  difficult.  This  difficulty  was  eventually  found  to 
stem  from  a  fundamental  problem:  OOS  relaying  (or  any  other  impedance  based 
relaying)  is  not  always  the  best  tool  for  instability  protection,  but  it  is  usually  the 
most  convenient.  Often  OOS  relaying  is  adequate,  but  as  a  power  system  grows 
more  complex,  OOS  relaying’s  weakness  is  revealed.  This  weakness  is  that,  being 
impedance  based,  OOS  relaying  is  “line  oriented”  rather  than  “system  oriented”. 

And  instability  problems  in  a  power  system  are  really  system  problems.  [23] 

These  researchers  found  that  the  fastest  and  most  global  indicators  of  imminent  power  system 
instability  are:  voltage  phase  angles,  power  flow  through  key  lines  or  units,  voltage  magnitude, 
network  status,  and  time  [24].  We  will  discuss  voltage  phase  angles  shortly. 

In  addition  to  the  work  just  discussed,  other  researchers  are  using  PTTI  techniques  for  stability 
enhancement.  An  out-of-step  relaying  system  th  uses  the  utility's  digital  communications  system 
for  synchronizing  voltage  sampling  has  recently  been  reported  [25].  The  level  of  synchronization  is 
that  of  the  digital  communications  system.  50  /rs.  At  the  recent  Power  Engineering  Society  Summer 
Power  .Meeting  several  engineers  from  France  discussed  a  new  loss  of  synchronism  system.  .\s  with 
.similar  systems,  the  objective  is  to  isolate  the  fault  and  prevent  propagation  of  the  disturbance. 
They  built  several  “phasemeters”  synchronized  by  a  GPS  receivers.  The  system  is  presently  exper¬ 
imental  with  the  first  portion  going  into  service  in  1994  [26].  There  are  reports  of  similar  work  in 
mainland  China  and  the  island  of  Taiwan. 

State  Vectors  and  Estimators  A  state  vector  shows  the  actual  condition  or  state  of  a  system. 
The  complex  voltages  of  all  substation  busses  are  the  state  vectors  of  the  power  system.  Complex 
voltage  means  the  magnitude  and  the  relative  phase  angle  of  that  voltage  with  respect  to  a  system- 
wide  reference.  The  present  practice  in  many  control  centers  is  to  calculate  the  voltage  angles  from 
other  measurements.  This  is  called  state  estimation.  The  purpose  of  state  estimation  is  primarily 
to  detect,  identify,  and  correct  gross  measurement  errors  and  to  compute  a  good  estimate  of  the 
voltage  angles.  Knowledge  of  the  state  vector  helps  in  evaluating  power  system  security.  The 
disadvantage  to  state  estimation  is  the  time  interval  required  to  compute  the  phase  angles.  The 
state  vector  is  not  available  in  “real-time.” 

Measuring  voltage  magnitude  is  routine  but  measuring  the  voltage  phase  angle  is  more  difficult 
[27].  The  phase  angle  is  measured  by  comparing  the  zero  crossings  of  the  voltage  waveform  with 
a  .system-wide  reference  time  marker.  See  Figure  1  for  a  conceptual  explanation.  A  better  method 
is  to  measure  the  positive  sequence  voltage  [28].  One  electrical  degree  of  the  60  Hertz  waveform 
equals  about  46  /is.  Across  short  transmission  lines  (less  than  50  km),  measurements  may  need  to 
be  made  to  0.1  electrical  degree.  This  translates  to  a  clock  synchronization  of  roughly  5  /is  [29]. 

Fault  Lo''ation  Operators  can  use  knowledge  of  the  relative  location  of  transmission  line  short 
circuit  faults  to  improve  .system  control.  Most  line  faults  are  temporary  and  rapid  circuit  bleaker  re¬ 
closing  usu.ally  can  help  maintain  system  stability.  However,  rapid  circuit  breaker  reclosing  presents 
a  risk  to  stability  and  fault  location  techniques  can  lower  this  risk. 
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Immediately  after  a  fault  some  generators  may  be  oscillating  relative  to  a  60  (or  50)  Hz  frame  of 
reference.  Reclosing  a  breaker  into  a  nearby  permanent  fault  may  further  perturb  some  generators 
and  lead  to  Instability.  Generally  the  risk  of  instability  decreases  as  the  distance  between  generation 
and  the  fault  increases.  F  the  location  of  the  fault  is  accurately  known,  the  control  system  or  the 
operator  can  make  better  re-closing  decisions.  If  the  fault  is  permanent,  line  maintenance  crews 
can  go  to  the  exact  location. 

Either  “time  domain”  or  impedance  techniques  can  locate  transmission  line  faults  [30,31].  As 
discussed  by  M.  Street  at  the  1990  PTTI  meeting,  time  domain  techniques  need  microsecond  clock 
synchronizations  [32].  Please  see  Figure  2.  Fault-induced  waves  travel  at  the  speed  of  light, 
300  meters  per  microsecond.  By  time-tagging  the  arrival  of  fault-induced  pulses  at  each  end  of 
the  transmission  line  to  within  one  microsecond,  the  fault  can  be  located  to  within  300  meters. 
Three  hundred  meters  is  the  typical  tower  spacing  on  a  high  voltage  transmission  line.  Time 
domain  techniques  must  be  used  on  lines  with  series  compensation.  On  the  other  hand,  impedance 
techniques  are  accurate  to  about  1  or  2  %  of  the  length  of  a  line  or  roughly  one  kilometer,  whichever 
is  larger  [30].  This  is  true  for  90%  of  all  faults. 

Protective  Relay  Testing  It  has  long  been  the  relay  engineer’s  desire  to  test  the  protection  system 
under  conditions  that  are  as  close  to  actual  conditions  as  possible.  When  a  critical  transmission 
line  falsely  trips,  engineers  need  to  find  the  reasons  for  this  mis-operation.  A  good  method  of 
analysis  would  be  to  retest  the  whole  protection  scheme  with  a  recorded  reenactment  of  the  fault 
or  disturbance  that  produced  the  problem.  Field  testing  based  on  either  a  recording  or  a  computer 
generated  simulation  requires  a  means  to  synchronize  the  test  signals.  In  this  application,  the 
needed  synchronization  may  be  10  /cs  [33]. 


V.  WHAT  T&F  SERVICES  DO  UTILITIES  USE? 

Radio  station  WWVB  has  been  a  popular  source  of  time  and  frequency  information  at  the  utility 
control  center.  Receiver  specifications  of  1  ms  on  equipment  suggests  that  WWVB  would  be  a  good 
source  for  oscillograph  and  SER  synchronization  at  the  substations.  Wright  reported  on  one  utility 
in  Colorado  successfully  constructing  a  disturbance  recorder  synchronization  system  using  WWVB 
[34].  WWV’B  receivers  were  less  expensive  than  other  alternatives  and  worked  well  in  substations 
and  power  plants. 

Other  utilities  have  experienced  difficulties  receiving  WWVB.  Burnett  reported  reception  problems 
in  the  state  of  Georgia  [1]  where  the  receiver  lost  the  signal  twice  daily  at  local  sunrise  and  sunset. 
Corona  and  other  substation  generated  noise  made  reception  difficult.  Missout  experienced  similar 
difficulties  iii  Quebec,  Canada  [35].  In  some  cases  United  Kingdom  station  MSF,  which  also 
transmits  on  60  kilohertz,  produces  interference. 

LOR.‘\N-C  promises  microsecond  timekeeping.  Burnett  reported  unsatisfactory  reception  by  a 
portable  automatic  receiver  in  a  500  kilo-volt  substation.  On  the  other  hand,  he  used  LORAN-C 
at  the  utility  control  center  [1].  Missout  temporarily  used  LORAN-C  for  manually  synchronizing 
a  phase  angle  measuring  system  [36].  An  informal  survey  has  produced  no  known  LORAN-C 
substation  usage. 

In  1931  Missout  experimented  with  using  the  GOES  system  in  a  phase  angle  measurement  sys¬ 
tem.  I  he  requirement  was  for  clock  synchronization  of  40  us  [37]  but  the  GOES  system  proved 
unsatisfactory  [38]. 
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Burnett  used  a  centralized  approach  to  timekeeping  for  most  of  his  timekeeping  needs  [1].  In 
this  approach,  UTC  is  received  at  the  control  center  then  a  serial  time  code  is  broadcast  over  a 
utility  voice-grade  microwave  radio  channel.  At  the  substations,  time  code  generators  correct  for 
propagation  delay.  Where  a  utility  microwave  radio  channel  was  not  available,  GOES  clocks  were 
installed.  The  difference  between  a  GOES  clock  and  a  substation  time  code  generator  recorder  was 
at  most  500  ps  [39].  I  constructed  a  similar  system  [3]. 

For  their  work  on  stability  assessment  and  global  relaying,  Hansen  and  Dalpiaz  initially  selected 
the  GOES  system  for  synchronization  [40].  Here  the  required  level  of  synchronization  between 
clocks  was  one  electrical  degree  of  60  Hz  (46  fis).  Clocks  were  synchronized  via  the  “common 
view”  mode.  GPS  clocks  will  replace  the  GOES  equipment  for  the  substation  encoders.  For  time 
tagging  of  disturbances,  the  centrally  located  master  decoder  was  synchronized  to  UTC  via  GOES 
equipment. 

Arun  Phadke,  who  spoke  at  the  1990  PTTI  meting,  is  using  GPS  clocks  to  synchronize  digital 
sampling  between  different  sites  [41].  Two  measurement  systems  under  development  were  tested 
in  a  laboratory  experiment  [42].  The  Bonneville  Power  Administration,  U.S.  Department  of  Energy, 
has  installed  several  GPS  clocks  for  phase  angle  measurement  using  a  encoding  system  developed 
by  Phadke.  Data  are  telemetered  back  from  several  substations  to  the  control  center  for  project 
evaluation.  Please  refer  to  the  paper  by  Ken  Martin  in  these  Proceedings. 


VII.  CONCLUSIONS 

The  accuracy  requirements  of  the  power  industry  are  relatively  modest  when  compared  with  other 
applications.  An  important  consideration  is  the  continuity  and  availability  of  any  time  and  fre¬ 
quency  broadcast  service.  For  power  system  operations  all  components  must  be  available  always. 

Table  2  Summary  of  Applications 


Application 

Accuracy 

Source 

Time  &  Frequency  Monitor 

1  ms  &  1  E  5 

WWVB,  GOES, 
GPS 

Recording  Instruments 

SERs  &  Oscillographs 

1  ms 

GOES  or  utility 
system 

Relay  Test-Sets 

10-20  fi 

GPS 

Phase  Angles  &  Phasemeter 

4.6-46  fis 

GPS 

Short-Circuit  Fault  Location 

l.C  fis 

GPS  or  custom 

A  major  advantage  to  satellite  based  timekeeping  is  saving  of  limited  bandwidth  on  the  utility  mi¬ 
crowave  radio  communications  network.  The  communications  network  will  be  needed  for  moving 
data  between  the  control  centers  and  the  substations.  If  the  timekeeping  network  or  the  commu¬ 
nications  fails,  the  control  system  must  revert  to  a  secure  operating  mode.  Some  of  the  futuristic 
concepts  discussed  here  are  for  the  very  high  voltage  transmission  systems  that  are  the  “sup^r 
highways”  of  our  power  systems.  It  is  unlikely  that  you  will  see  GPS  synchronized  measuring  units 
in  lower  voltage  substations. 

Standardized  frequency  measurements  and  millisecond  time-keeping  is  a  proven  and  accepted  part 
of  operating  many  electric  utilities.  Fault  location  is  gaining  acceptance  as  a  valuable  tool.  At 
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the  present,  the  estimated  distance  to  the  fault  is  displayed  but  not  programmed  into  automatic 
control  schemes. 

Think  Green!  That  was  one  message  I  took  away  from  the  IEEE  Power  Engineering  Society 
(PES)  Summer  Meeting.  The  message  was  the  health  of  our  planet  is  becoming  more  important 
to  the  consuming  public.  At  the  Student-Faculty-Industry  Luncheon  Mr.  Bernie  Palk  of  the  Los 
Angeles  Department  of  Water  and  Power  pointed  out  that: 

“The  dominant  mind-set  of  our  industry  for  the  previous  three  decades  has  been 
growth-oriented.  How  much  new  (generator  and  transmission  line)  capacity  will  we 
need,  and  when  will  we  need  it?  Today  the  question  is  more  likely  to  be,  how  can 
we  stretch  the  capacity  we’ve  got?” 

Valid  environmental,  financial  and  biological  concerns,  make  new  high  voltage  transmission  lines 
difficult  to  build.  On  the  other  hand,  society  is  demanding  more  electrical  energy.  One  possibility 
is  that  the  advanced  control  techniques  discussed  here  will  allow  heavier  usage  of  the  existing 
transmission  system.  An  issue  is  whether  this  can  be  done  without  any  real  loss  of  reliability.  If 
there  is  an  incremental  loss  in  reliability,  will  the  utility  industry  and  society  accept  this  loss  of 
reliability  in  exchange  for  fewer  new  transmission  Unes? 
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Figure  1 .  Voltage  Phase  Angles 


Figure  2.  Fault  Location 
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QUESTIONS  AND  ANSWERS 


David  Allan,  NIST:  If  it  would  be  of  help,  the  Department  of  Transportation  has  a  real  time 
output  of  all  lightning  strikes  across  the  United  States. 

Mr.  Wilson:  More  and  more  utilities  are  seeing  the  usefulness  of  this  data.  It  varies  with  region. 
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Abstract 

The  Bonneville  Power  Administration  (BPA)  uses  IRJG-B  transmitted  over  microwave  as  its  primary 
system  time  dissemination.  Problems  with  accuracy  and  reliability  have  led  to  ongoing  research  into  better 
methods.  BPA  has  also  developed  and  deployed  a  unique  fault  locator  which  uses  precise  clocks  synchronized 
by  a  pulse  over  microwave.  It  automatically  transmits  the  data  to  a  central  computer  for  analysis.  A  proposed 
system  could  combine  fault  location  timing  and  tim^  dissemination  into  a  Global  Position  System  (GPS)  tim¬ 
ing  receiver  and  close  the  verification  loop  through  a  master  station  at  the  Dittmer  Control  Center.  Such  a 
system  would  have  many  advantages,  including  lower  cost,  higher  reliability  and  wider  industry  support.  Test 
results  indicate  GPS  has  sufficient  accuracy  and  reliability  for  this  and  other  current  timing  requirements 
including  synchronous  phase  angle  measurements.  A  phasor  measurement  system  which  provides  phase  an¬ 
gle  has  recently  been  tested  with  excellent  results.  Phase  angle  is  a  key  parameter  in  power  system  control 
applications  including  dynamic  braking,  DC  modulation,  remedial  action  schemes,  and  system  state  esti¬ 
mation.  Further  research  is  required  to  determine  the  applications  which  can  most  effectively  use  real-time 
phase  angle  measurements  and  the  best  method  to  apply  them. 


Introduction 

Electric  power  systems  have  evolved  from  a  few  generators  connected  to  a  load  in  a  nearby  city 
to  vast  interconnected  networks  with  hundreds  of  generators  and  loads  spanning  half  the  country. 
Commensurately  time  synchronization  has  evolved  from  locally  set  ac  clocks  with  second  accuracy 
to  microwave  pulse  and  satellite  signals  with  microsecond  accuracy.  Modern  power  systems  require 
increasingly  complex  controls  to  maintain  stability.  Recent  developments  in  time  dissemination  provide 
an  opportunity  for  major  advancements  in  power  system  control,  protection,  and  operation.  Precise 
time  distributed  ov^r  a  large  power  system  allows  synchronous  sampling  of  voltage  and  current  for  real¬ 
time  power  and  phase  measurements  as  well  as  accurate  event  recording  and  fault  location.  Precise 
time  and  phase  angle  will  enhance  the  development  of  regional  real-time  control  systems. 
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Time  Dissemination 


Early  power  system  controls  were  based  on  power,  current,  and  voltage  measured  at  a  terminal. 
Scheduling  was  handled  by  demand,  and  disturbances  were  localized  enough  that  time  synchronization 
was  not  required  for  analysis.  As  systems  grew  they  became  more  complex  and  interconnected.  Timing 
was  required  to  coordinate  scheduling  and  to  compare  disturbance  recordings  made  across  the  system. 
Locally  set  ac  clocks  were  adequate  for  the  task  in  most  cases,  but  created  problems  where  distant 
clocks  had  been  set  several  seconds  apart. 

In  1974,  Bonneville  Power  Administration  (BPA)  commissioned  the  Dittiner  Control  Center  in  Van¬ 
couver.  Washington,  as  the  main  dispatching  and  control  center  for  the  BPA  system.  A  primary 
feature  of  the  control  center  was  the  SCADA  computer  system  to  allow  most  of  the  system  moni¬ 
toring,  switching,  and  control  functions  to  be  operated  remotely.  The  Central  Time  System  (CTS) 
synchronized  to  WWVB  was  installed  as  BPA’s  primary  time  source.  Over  the  next  decade  time 
dissemination  was  extended  throughout  the  system  using  IRIG-B  over  dedicated  microwave  channels. 

The  IRIG’-B  signal  synchronized  time  throughout  the  system  to  at  least  tenths  of  a  second  99  percent 
of  the  time.  However,  it  was  found  phase  slips  in  multiplex  equipment  and  channel  frequency  response 
could  cause  enough  distortion  to  make  IRIG-B  difficult  to  read,  and  noise  could  cause  momentary 
interruptions.  When  recorded  directly  on  an  oscillograph,  these  impairments  didn’t  cause  much  prob¬ 
lem.  but  they  played  havoc  with  automatic  decoding  equipment.  They  caused  time  miscues  that  could 
be  days  off  and  take  hours  to  resynchronize.  In  seme  locations  automatic  alarm  recording  equipment 
recorded  pages  of  time  errors.  In  addition,  there  were  several  BPA  substations  which  didn’t  have 
direct  microwave  communications  and  needed  accurate  time. 

GOES  satellite  receivers  were  installed  at  several  sites  in  an  attempt  to  solve  both  problems.  Success 
wa.s  limited.  They  had  trouble  synchronizing,  suffered  from  radio  interference,  and  needed  occasional 
antenna  repointing.  Time  accuracy  was  no  better  than  IRIG-B  over  the  microwave  although  they  did 
not  iH'ed  the  millisecond  delay  corrections  required  for  microwave  transmission. 

BP.\  has  experimented  with  phase  modulated  IRIG-B  and  found  it  to  be  much  more  resistant  to  mi¬ 
crowave  impairments  than  the  standard  amplitude  modulation.  Since  it  is  not  available  commercially 
and  recpiires  special  encoding  and  decoding  hardware,  it  has  not  been  implemented.  Consideration  is 
being  given  to  the  whole  spectrum  of  BPA’s  timing  needs  before  developing  a  specialized  system. 

BP.A  is  in  the  process  of  specifying  a  new  CTS  system  for  the  Dittmer  Control  Center.  GPS  rather 
than  WWVB  will  be  used  to  acquire  ETC  time  in  order  to  achieve  microsecond  level  synchronization. 
The  system  will  employ  triple  redundant  time  generation  for  automatic  switching  and  higher  reliabibty. 
It  will  have  an  independent  rubidium  based  clock  for  local  verifiability  and  better  local  timekeeping  in 
the  event  of  GPS  signal  loss.  The  system  will  upgrade  the  central  timekeeping  capabilities  to  support 
all  BPA  system  and  Western  region  timing  requirements  for  the  foreseeable  future. 


Time  Domain  Fault  Location 

BP.\  has  pioneered  a  unique  system  for  locating  power  line  faults  (short  circuits)  using  precise  timing. 
When  a  fault  occurs,  the  instantaneous  change  in  potential  creates  a  voltage  wave  that  travels  along 
the  power  line  at  nearly  the  sjieed  of  light.  By  precisely  timing  the  arrival  of  the  traveling  waves  at 
each  end  of  a  power  line  section,  a  simple  formula  yields  the  distance  to  fault  from  the  end  of  the  line 
[1,2,3]. 
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The  original  system,  called  Type  B,  had  a  master  with  a  counter  and  several  slaves  that  would  relay 
the  fault  pulses  to  the  master  via  microwave.  The  system  was  reasonably  reliable,  but  could  only  be 
calibrated  by  known  faults  and  needed  to  be  interpolated  by  experienced  personnel  using  informa¬ 
tion  from  past  readings.  The  present  version,  called  FLAR  for  Fault  Location  .4cquisition  Reporter, 
employs  remote  timetagging  units  with  stable  clocks  at  a  number  of  substations  [1].  The  clocks  arc 
synchronized  every  100  seconds  by  a  phase  shift  keyed  2.3  MHz  tone  sent  over  the  microwave.  The 
remote  units  communicate  over  an  automated  data  net  with  a  master  computer  which  retrieves  these 
timetags,  calculates  the  fault  distances,  and  reports  to  system  dispatching.  This  system  has  proven  to 
be  reliable  and  accurate  for  sites  which  can  be  linked  by  high  frequency  microwave  communication.  It 
is  easy  to  use  and  is  being  improved  with  software  to  sort  out  good  readings  from  the  many  generated 
by  noise  during  a  fault. 

In  1989  the  FLAR  system  was  extended  beyond  the  BPA  microwave  system  by  synchronizing  the 
master  with  a  GPS  receiver.  A  GPS  receiver  installed  at  a  substation  can  provide  sync  in  place  of  the 
microwave  transmitted  pulse.  The  extension  has  worked  well  so  far. 


Requirements  for  a  Combined  System 

The  Western  Systems  Coordinating  Council  ( WSCC)  is  a  regional  electric  utility  group  which  consists 
of  61  interconnected  utilities  west  of  the  great  plains  from  central  British  Columbia  to  Mexico.  It  has 
set  a  goal  of  8  millisecond  timing  accuracy  throughout  the  region.  BPA  has  set  its  current  requirement 
for  5  milliseconds  maximum  throughout  its  system,  and  1  millisecond  synchronization  for  all  systems 
within  a  station. 

Time  domain  fault  location  requires  1  microsecond  synchronization  throughout  at  least  every  area 
which  might  be  reporting  the  same  fault.  Several  other  uses  which  have  not  been  discussed  yet  are 
relaying,  transient  stability  control,  and  state  estimator.  Relaying,  which  detects  power  line  faults  and 
controls  the  large  power  circuit  breakers,  optimally  must  be  able  to  detect  fault  distance  within  1000 
meters  to  function  correctly.  Stability  control  and  state  estimation  operate  relative  to  the  60  Hz  cycle 
which  is  46  microseconds/electrical  degree.  These  requirements  are  summarized  in  Table  1. 


System  Function 

Measurement 

Optimum  Accuracy 

Fault  Locator 

300  meters 

1  microsecond 

Relaying 

1000  meters 

3  microseconds 

Transient  Stability 
control 

±1  degre 

46  microseconds 

State  Estimator 

±1  degree 

46  microseconds 

Oscillograph 

1  millisecond 

Event  Recorder 

1  millisecond 

Table  1.  Electrical  Power  System  Precise  Time  Requirements 


The  most  stringent  accuracy  requirement  is  fault  location;  any  timing  system  with  microsecond  ac¬ 
curacy  throughout  the  region  will  satisfy  all  the  needs.  Less  obvious  is  the  requirement  for  reliability 
and  availability.  Power  systems  are  expected  to  operate  all  the  time.  .4ny  control,  protection,  or 
monitoring  system  must  be  ready  to  operate  reliably  at  any  time.  A  timing  system  that  operates 
reliably  or  produces  the  required  accuracy  98  percent  of  the  time  is  not  acceptable.  BPA  currently 
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requires  its  control  and  communication  systems  to  demonstrate  a  99.986  percent  availability  for  full 
performance  operation.  Any  system  with  required  outage  times  that  cannot  be  scheduled  into  main¬ 
tenance  intervals  (i.e.,  will  fail  occasionally  at  random  times)  is  not  acceptable.  When  systems  fail  the 
results  can  be  dramatic-New  York  blackout  of  1965-and  destroy  equipment  worth  millions  of  dollars. 

IRIG-B  sent  over  the  microwave  could  achieve  the  1  millisecond  requirement  using  the  phase  modula¬ 
tion  technique.  Tests  have  demonstrated  that  it  will  never  achieve  1  microsecond  reliably,  even  with 
a  steered  oscillator.  A  Cesium  oscillator  at  each  station  would  achieve  the  required  accuracy,  but  the 
necessary  calibration  and  costs  would  be  prohibitive. 

COES  satellite  receivers  have  proven  to  be  not  much  better  than  IRIG-B  sent  over  microwave.  Radio 
signals  such  as  WWVB  do  not  give  the  required  accuracy.  Loran  C  is  powerful  in  the  Northwest  and 
accurate  but  does  not  easily  yield  time. 

The  FL.AR  system  has  the  accuracy  and  high  reliability  but  only  provides  synchronization,  not  time 
of  day.  Incorporating  time  of  day  will  require  a  major  redesign  of  the  hardware  and  software  of  the 
remote  unit,  an  expensive  and  time  consuming  proposition.  An  additional  shortcoming  is  its  reliance 
on  a  direct  high  frequency  microwave  link  which  isn’t  available  to  all  sites  where  BPA  would  like 
accurate  time  of  day.  It  also  is  not  available  to  neighboring  utilities  where  synchronization  may  be 
desirable. 

The  GPS  system  can  provide  the  1  microsecond  accuracy  throughout  the  system.  It  is  relatively  new 
and  has  unproven  reliability  as  far  as  BPA  is  concerned.  However  because  it  does  offer  such  a  great 
potential,  BP.A  has  purchased  several  receivers  and  has  done  extensive  testing  over  the  last  4  years. 
The  advantages  include  good  manufacturer  support,  less  expensive,  inherent  delay  compensation,  no 
high  frequency  microwave  requirement,  better  coordination  with  neighboring  utilities,  and  an  excellent 
system  failure  tolerance.  The  disadvantages  are  an  imperfect  receiver  performance  record  to  date,  lack 
of  knowledge  of  how  the  system  will  perform  in  a  substation  environment,  and  the  uncertainty  of 
Department  of  Defense  policy.  However  recent  results  from  GPS  receiver  testing  have  been  excellent. 
That  and  policy  statements  by  the  Department  of  Defense  have  given  enough  confidence  in  the  GPS 
system  to  propo.se  a  combined  timing/fault  locator  system  based  on  GPS. 


Closed  Loop  Precise  Time  System 

It  has  been  proposed  to  install  at  each  substation  a  GPS  receiver  with  an  IRIG-B  output,  a  timetag 
option,  and  .software  that  would  allow  it  to  communicate  with  the  FLAR  master.  The  receiver  would 
provide  precise  time  locally  to  the  substation,  timetag  faults,  and  report  times  to  the  FLAR  master. 
The  master  would  additionally  check  the  remote  GPS  time  and  operation.  This  system  would  eliminate 
the  need  for  the  high  frequency  microwave  channel  and  several  voice  grade  channels  presently  used  to 
disseminate  IRIG-B.  It  would  replace  the  time  code  generator  and  FLAR  remote  unit  with  a  single 
GPS  receiver.  Further  advantages  include: 

a.  Manufacturer  Support  The  current  FLAR  system  is  BPA  designed  and  supported.  A  pro¬ 
posed  phase  shift  key  modulated  IRIG-B  would  also  need  to  be  designed  for  BPA.  The  proposed 
system  would  add  only  two  options  a  basic  GPS  receiver  produced  by  several  manufacturers. 
The  options  are  likely  be  used  by  many  utilities,  potentially  making  the  configuration  a  standard 
piece  of  e(|nipment. 
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b.  Less  Expensive  At  today’s  prices,  the  GPS  receiver  unit  is  competitive  with  the  two  remote 
units  it  would  replace.  With  quantity  production,  and  as  GPS  receiver  technology  improves,  the 
cost  would  be  less.  Additional  savings  are  realized  by  microwave  capacity  not  used. 

c.  Inherent  Delay  Compensation  The  broadcast  delay  from  the  CTS  to  each  substation  has  to 
be  calculated  and  entered  in  each  remote  unit.  BPA  is  in  the  process  of  implementing  an  alternate 
control  center  from  which  time  code  could  alternately  be  broadcast,  creating  two  different  delays 
for  each  remote.  Alternate  path  routing  for  catastrophic  microwave  system  problems  further 
complicate  the  problem.  A  GPS  receiver  outputs  time  corrected  for  its  location. 

d.  Closed  Loop  Verification  The  present  broadcast  IRIG-B  has  no  verification  that  the  time  is 
correct  and  the  remote  equipment  is  operating.  FLAR  is  a  closed  loop  system,  reporting  every 
100  seconds  any  events  and  remote  status.  The  proposed  system  would  report  GPS  receiver 
health,  oscillator  status,  and  tracking  information  if  required.  It  would  also  report  local  time  to 
verify  timekeeping  within  a  millisecond.  An  additional  timetag  input  can  be  added  to  receive 
broadcast  FLAR  sync  pulses  to  verify  timing  to  a  microsecond.  The  master  could  also  set 
the  remote  for  daylight  time  changes  and  tracking  schedules  if  needed.  Verification  of  remote 
operation  should  remove  much  of  the  uncertainty  of  relying  on  a  remote  clock  that  receives  its 
signals  from  tiny  dots  in  space. 

e.  Improved  Inter-utility  Synchronization  Even  a  precise  central  system  can  drift  from  a 
common  reference  (UTC);  when  it  does,  all  nodes  drift  with  it.  If  each  substation  is  directly 
synchronized  to  the  same  source  as  all  other  utilities,  the  systems  on  the  average  will  remain 
better  synchronized  at  all  times. 

f.  Improved  Systematic  Reliability  While  the  centralized  system  broadcasts  from  a  redundant 
CTS  on  a  microwave  system  of  very  high  reliability,  there  are  common  power  sources,  single  wire 
interconnections,  and  combined  signal  paths.  Any  interruption  of  this  long  linked  chain  or  error 
in  time  generation  can  cause  multiple  remote  outages.  GPS  relies  on  multiple  satellites,  each 
individually  timed  with  extensive  built  in  redundancy.  Incorrect  control  signals  to  the  satellites 
could  cause  errors,  but  not  likely  with  all  satellites  at  once.  Since  several  satellites  are  in  view 
at  all  times,  receivers  can  be  designed  with  logic  to  ignore  signals  from  a  satellite  with  sudden 
changes  or  with  excessive  variance  from  the  others  in  view.  The  GPS  receiver  itself  uses  an 
internal  oscillator  which  is  slaved  and  compared  with  the  satellite  signal.  If  the  RF  input  fails 
for  any  reason,  the  internal  time  generation  can  carry  the  output  accurately  for  some  period  of 
time.  If  the  internal  timekeeping  generates  an  error,  it  can  be  corrected  from  the  GPS  signal. 
Communication  failure  interrupts  fault  reporting  and  verification,  not  time.  Catastrophic  failure 
of  any  station  does  not  affect  the  timing  at  any  other  station. 


A  test  program  is  planned  to  deploy  several  units  with  the  required  software  and  three  timetag  inputs, 
one  for  faults,  one  to  mark  the  operation  of  the  station  oscillograph  and  the  other  to  time  the  arrival 
of  the  sync  pulse.  The  oscillograph  will  typically  only  trigger  on  significant  disturbances,  so  the  FLAR 
master  uses  its  trigger  to  sort  possible  faults  from  the  many  timetags  due  to  noise  and  switching. 
Timing  the  sync  pulse  will  allow  long  term  monitoring  of  performance  to  the  highest  accuracy  level. 
The  test  program  will  allow  BPA  to  develop  a  longer  term  performance  and  reliability  record. 
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Precise  Time  and  Phase  Measurement  R  &:  D  at  BPA 

GPS  Receiver  Testing 

In  conjunction  with  the  Phasor  R  &  D  program,  BPA  has  tested  TIPS  receivers  for  use  in  timing  on 
the  BPA  system.  Since  continuous  accuracy  is  the  main  concern,  testing  has  focused  on  long  term 
monitoring  of  the  output.  In  most  GPS  receivers  a  I  Pulse  Per  Second  (  1  PPS)  signal  provides 
internal  sync  for  all  other  timekeeping  signals,  so  it  provides  a  simple  reference  for  monitoring  overall 
performance.  The  1  PPS  output  was  compared  against  a  1  PPS  signal  generated  locally  by  a  Cesium 
reference  standard.  Originally  only  the  average  between  the  two  sources  was  measured  and  computed 
periodically.  It  was  found  that  unlike  an  oscillator,  the  GPS  derived  signal  could  make  sudden  jumps 
to  another  value  for  one  to  many  seconds  and  then  snap  back.  Testing  was  expanded  to  monitor  the  1 
PPS  signal  every  second  for  jumps  as  well  as  take  100  second  averages  every  15  minutes.  A  100  second 
average  provides  reasonable  noise  smoothing  that  fits  in  well  with  the  15  minute  interval,  though  it 
may  not  provide  the  best  sigma  tau  variance. 

In  the  hist  6  years  we  have  seen  receivers  improve  from  units  that  kept  time  within  several  microseconds 
only  95  percent  of  the  time  to  units  that  typically  keep  tenths  of  microsecond  accuracy  99.9  percent  of 
the  time  with  less  than  3  microsecond  deviation  at  any  time.  The  improvement  is  partly  due  to  better 
satellite  coverage  but  mostly  due  to  receiver  technology  development.  Performance  at  the  present  lev'l 
is  quite  acceptable  to  BPA.  Figiue  1  is  a  2  week  plot  of  the  100  second  averages  comparing  GPS  with 
Cesium.  The  drift  of  1.6E-12  of  the  Cesium  standard  relative  to  UTC  is  left  in  the  plot  so  the  curves 
for  eacli  week  don't  overlap. 

We  have  also  compared  a  GPS  receiver  installed  at  the  Malin  Substation  with  the  FLAR  sync  pulse 
received  at  that  site.  Malin  is  in  southern  Oregon  on  the  California  border  and  about  260  air  miles  from 
the  Dittmer  Control  Center.  The  sync  pulse  delay  time  was  measured  by  transmitting  the  signal  from 
Dittmer.  re-transmitting  it  back,  and  measuring  the  round  trip  time.  An  averaj.e  of  400  measurements 
was  divided  Ity  two  to  estimate  a  one  way  transit  time  of  1689.3  microseconds.  Since  the  FLAR  master 
at  Dittmer  is  now  synchronized  by  GPS.  it  is  easy  test  the  one  way  transit  time  with  a  GPS  receiver  at 
Malin.  The  transit  time  averaged  over  15  minute  intervals  is  around  1691.3  microseconds,  very  close 
to  the  previously  calculated  time  (Figure  2).  The  2  microsecond  difference  was  constant  over  the  5 
month  monitoring  interval  and  has  not  been  investigated,  but  is  probably  due  to  additional  cable  and 
transmitter  equipment  at  Dittmer  and  differences  in  microwave  system  filter  tuning.  The  effects  of 
the  microwave  system  and  GPS  receivers  cannot  be  separated  in  this  data,  but  even  combined  they 
are  within  an  acceptable  performance  level  for  the  FLAR  system. 

While  the  averaged  data  only  varied  around  300  nanoseconds  from  the  mean,  of  greater  concern  is  the 
worst  case  performance.  Figure  .3  is  a  plot  of  the  span  between  the  maximum  and  minimum  measured 
(luring  the  interval.  The  time  interval  counter  used  in  this  test  only  has  a  100  nanosecond  resolution 
so  the  plots  appear  rather  (piantized.  The  fact  the  difference  is  always  less  than  1.5  microseconds 
is  amazing,  considering  the  plot  combines  the  effects  of  two  GPS  receivers  260  miles  apart  and  the 
microwave  communications  in  between. 

Synchronous  Phase  Angle  Measurements  R  &  D  Program 

BP.A  installed  a  prototype  Synchronous  Phasor  Measurement  System  developed  by  the  Department  of 
Kb'ctrical  Engineering  at  Virginia  Polytechnic  Institute  and  State  University  in  Blacksburg,  Virginiaon 
HP.A's  500  kV.AC  Pacific  .\orthwest-Southwest  (PNW-SV.  '  Intertie.  The  system  consists  of  a  remote 
terminal  installed  at  .lohn  Day  and  Malin  Substations  (about  250  miles  apart)  and  a  master  terminal 
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at  the  BPA  Laboratories  in  Vancouver,  Washington.  The  two  remote  terminals  are  synchronized  l)y 
CPS  receivers. 

.4  remote  unit  is  a  microcomputer  with  a  .4/D  and  serial  interfaces.  Three  phase  power  line  waveforms 
are  synchronously  digitized  at  a  720  sample/second  rate,  clocked  directly  oy  a  precisely  timed  signal 
from  the  CPS  rec-iver.  After  each  sample,  the  latest  12  samples  are  filtered  with  a  L’ourier  transform  to 
extract  the  60  Hz  component  and  converted  with  the  symmetrical  component  transformation  to  yield 
the  complex  positive  sequence  phasor.  This  phasor  represents  the  magnitude  and  phase  of  a  balanced 
three  pha.se  system  and  is  a  good  representation  of  the  state  of  a  real  power  system  in  all  but  extreme 
fault  conditions.  Since  each  phasor  is  computed  with  12  samples,  it  gives  a  true  60  Hz  response  to 
changes.  The  precise  timing  makes  data  comparable  for  accurate  phase  angle  determination  over  a 
region  of  any  size  [7,8]. 

In  addition  to  calculating  phasors,  the  remote  also  computes  frequency  and  rate  of  change  of  frequency. 
It  monitors  the  computed  data  for  sudden  changes  and  flags  any  that  go  beyond  preset  limits.  It  will 
communicate  these  values  to  the  master  terminal  on  demand  either  as  a  stored  table  or  a  real  time 
data  flow. 

In  this  test,  data  was  gathered  from  the  real  time  data  flow  using  4800  BPS  modems  over  the  BPA 
microwave  system.  Data  was  transmitted  at  12  Hz  (every  60th  sample)  in  order  to  fit  into  the  protocol 
and  data  rate.  The  master  monitored  the  disturbance  flags  and  saved  a  3  minute  table  of  raw  data 
(including  30  seconds  of  preflag  data)  whenever  a  flag  was  detected.  The  master  also  computed 
continuous  statistics  from  the  data  and  recorded  it  ev^-y  Hi  minutes.  The  test  system  diagram  is 
shown  in  Figure  I. 


Phasor  System  Test  Results 


The  purpose  of  the  test  program  was  both  to  evaluate  the  phasor  measurement  system  and  to  provide 
operational  information  on  the  (IPS  '•oceivers  used  for  the  precise  time  source.  The  system  has  been 
fully  operational  utice  Septendjer,  1990.  and  8  months  of  continuous  data  has  been  recorded  for 
analysis. 

riie  system  lias  performed  very  well.  In  2  years  of  field  of  deployment  there  has  only  been  one  hard 
failure  in  a  (IPS  receiver  and  none  in  the  phasor  remote  units.  Data  communications  has  less  than  a  1 
percent  erroi  rate.  The  phas  >r  data  appears  to  have  a  better  response  with  grc  'ter  curacy  and  less 
noise  than  comparable  analog  telemetered  data.  The  final  test  results  are  now  being  analyzed  with  a 
report  to  follow  in  1992. 

.4  sample  disturbance  records  a  bus  fault  at  the  WNP-2  plant  near  Richland,  Washington,  followed  by 
a  loss  of  1094  MW’  of  generation  at  10:10:55  on  December  7.  1990.  .4  sharp  voltage  dip  is  seer,  at  both 
.lohn  Day  and  Malin  during  the  fault  (about  30  milliseconds  duration).  It  is  followed  by  a  voltage 
rise  and  decrease  in  phase  angle  between  John  Day  and  Malin  which  accompanies  the  drop  in  power 
transfer.  The  frequency  traces  from  the  tw'o  stations  are  nearly  identical;  the  squared  appearance  is 
due  to  the  algorithm  being  used  at  the  time  which  takes  longer  averages  to  improve  accuracy  near  60 
Hz.  The  system  gradually  approaches  its  old  operating  point  during  the  2  minutes  following  the  fault. 
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Future  Applications  of  Precise  Time  and  Phase  Angle  Measure¬ 
ments 

Precise  timing  enables  implementation  of  event  time-tagging,  fault  location,  and  the  synchronous 
measurements  of  key  transient  stability  indicators  such  as  voltage  phase  angle  in  near  real  time. 
These  measurement  techniques  enable  the  development  of  new  protection  and  control  schemes,  some 
of  which  are  described  in  the  following  paragraphs. 


Stability  Control  Schemes 

The  aim  of  stability  control  schemes  is  to  prevent  unnecessary  shutdown  of  generators,  loss  of  load, 
separation  of  the  power  grid,  and  avoid  blackouts  and  damage  to  power  system  equipment.  Control 
schemes  accomplish  this  by  a  graduated  response  to  system  disturbances  which  only  take  effect  when 
the  disturbance  is  significant  enough  to  endanger  overall  system  stability.  When  a  disturbance  is  great 
enough  to  cause  generators  to  go  out-of-step,  the  frequency  to  become  unstable,  or  the  voltage  to 
collapse,  controls  respond  with  appropriate  remedial  measures  such  as  dynamic  braking,  generator 
dropping,  load  shedding,  and  finally  controlled  islanding. 

Existing  control  schemes  within  the  WSCC  service  area  are  Type  A  high  speed  actions  based  on  a 
worst  case  scenario  and  Type  B  which  takes  slower  corrective  action  after  an  event.  Type  A  controls 
tend  to  take  excessive  action  and  can  only  respond  to  preprogrammed  events.  Type  B  tend  to  be  too 
little  or  too  late  to  prevent  system  problems  to  propagate  as  they  would  with  no  control  action. 

Future  stability  control  systems  based  on  digital  phase  measurement  can  offer  significant  advantages 
over  the  systems  currently  employed.  Phase  measurements  could  be  combined  with  Type  A  high¬ 
speed  control  logic  to  compute  an  appropriate  proportional  response  and  be  substituted  for  Type  B 
for  longer  term  control  actions.  During  a  major  system  disturbance,  control  computers  can  sort  and 
process  synchronous  held  data  to  compute  a  response  appropriate  to  the  current  system  operating 
conditions.  Within  a  few  cycles  from  the  beginning  of  the  disturbance,  they  can  provide  an  output 
response  to  the  disturbance.  If  this  initial  high-speed  action  doesn’t  stabilize  the  system,  further  Type 
B  actions  could  be  taken  to  taken  to  correct  it.  Considerable  long  range  R  &  D  is  required  to  assess 
the  feasibility  of  such  systems  and  develop  and  verify  the  necessary  strategies,  hardware,  and  software. 


HVDC  Modulation 

IIVDC  systems  are  powerful  tools  for  improving  the  transient  and  dynamic  stability  of  AC  power 
systems.  In  contrast  to  an  AC  line,  the  power  transfer  over  a  DC  link  does  not  depend  on  the  voltage 
phase-angle  between  the  ends  of  the  line  and  can  be  quickly  changed  independently  from  other  system 
parameters.  The  control  may  be  continuous  in  nature,  using  feedback  variables,  or  it  may  be  discrete, 
consisting  of  predetermined  changes  in  DC  power.  Voltage  phase  angle  between  stations  in  the  AC 
system  are  powerful  input  parameters  for  this  type  of  control.  The  first  swing  (transient)  stability 
can  be  improved  by  using  a  voltage  phase  angle  measurement  on  an  AC  line  to  modulate  the  parallel 
IIVDC  link.  Damping  of  oscillations  in  the  AC  grid  can  also  be  achieved  by  using  the  rate  of  change 
of  voltage  phase  angle  as  an  input  to  the  DC  Link  control. 


154 


Dynamic  Braking 

When  a  power  line  fault  occurs,  the  current  is  shorted  back  to  the  generator  bypassing  the  load. 
Since  power  system  equipment  is  mostly  inductive  rather  than  resistive,  it  absorbs  little  energy,  so 
the  driving  force  tends  to  accelerate  the  generators.  In  North-central  Washington  BPA  has  a  1100 
MW  resistor  which  serves  as  a  dynamic  brake  for  the  many  large  hydro  generators  in  the  area.  It  is 
used  to  prevent  AC  system  separation  by  burning  up  excess  kinetic  energy  from  system  generators. 
.4t  present,  the  beginning  of  braking  is  usually  triggered  by  the  detection  of  a  disturbance  such  as  a 
multi-phase  fault  or  intertie  separation.  The  brake  is  applied  once  for  30  cycles  to  stabilize  the  initial 
swing.  A  single  application  may  be  loo  little  or  too  much  to  stabilize  the  .system  for  a  particular 
incident.  Voltage  phase  angle  could  integrated  into  a  dynamic  control  that  could  apply  the  brake  to 
maintain  phase  within  a  maximum  limit  using  up  to  six,  consecutive  30  cycle  applications. 


Subsynchronous  Resonance 

In  a  multi-machine  power  system  the  controls  on  the  various  generators  will  at  certain  operating  points 
with  certain  power  grid  configurations  oscillate  at  a  low  frequency  and  amplitude,  threatening  operat¬ 
ing  stability  and  putting  undue  stress  on  generation  equipment.  This  subsynchronous  resonance  is  a 
well  known  and  generally  controlled  phenomena,  but  hard  to  eliminate  entirely  due  to  many  possible 
operating  configurations  in  a  large  power  grid.  The  ability  to  measure  voltage  phase  angle  between 
key  generating  units  would  provide  a  means  of  avoiding  or  damping  out  some  of  these  oscillations. 

System  State  Estimation 

System  State  Estimation  is  a  mathematical  technique  that  has  evolved  for  determining  stability  of  a 
power  system  based  on  its  characteristic  equations.  The  major  input  requirement  is  knowledge  of  the 
complex  voltages  at  the  power  system  busses  throughout  the  system  [8]. 

The  present  State  Estimator  uses  a  least  squares  algorithm  to  compute  the  complex  voltages  from 
raw  power  system  data  like  voltage  magnitudes  and  power  flows.  Thus  the  voltage  phase-angles  are 
derived  in  the  estimation  process  rather  than  obtained  by  direct  field  measurement.  The  slow  response 
time  (seconds  to  minutes)  renders  the  system  usable  only  for  static  analysis.  In  addition,  it  requires 
consistent  and  complete  sets  of  measurements  to  accurately  implement  the  algorithm.  When  the 
data  is  inconsistent  or  missing,  system  phase  angles  are  abnormally  large,  or  the  system  is  in  an 
oscillatory  condition  the  solutions  may  not  converge.  Line  flow  measurements  are  needed  for  any  bus 
to  be  included,  so  the  contribution  of  neighboring  power  systems  may  be  impossible  to  compute  even 
though  they  contribute  to  system  stability. 

A  .State  Estimator  that  uses  direct  phase  angle  information  measured  by  precise  time  synchronous 
sampling  would  avoid  most  of  these  problems.  The  system  would  be  fast  (in  the  order  of  a  few  cycles) 
since  the  complex  voltages  used  in  the  algorithm  would  be  measxired  rather  than  computed.  If  a 
reading  was  in  error  or  missing  only  estimations  surrounding  a  particular  bus  would  be  thrown  out. 
.Abnormal  phase  angles  and  .system  oscillations  would  not  affect  the  process.  State  estimation  could 
be  incorporated  into  dynamic  control  schemes. 


Monitoring  Power  Flow. 

fhe  power  flow  across  a  line  is  ecpial  to  the  product  of  the  two  terminal  voltages  and  the  sine  of  the 
phase  angle  across  the  line  divided  by  the  line  impedance  [4].  The  terminal  voltages  are  normally 
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closely  regulated  to  a  fixed  value  and  the  transmission  line  is  usually  constant.  Thus,  the  power 
flow  is  basically  determined  by  the  voltage  phase-angle  difference  between  the  busses.  A  maximum 
phase  angle  can  be  determined  based  on  the  line  and  bus-generator  characteristics,  above  which  the 
generators  will  not  stay  in  sync.  This  stability  limit  then  determines  the  maximum  power  that  can  be 
transmitted  across  the  power  line. 

Monitoring  voltage  phase  angles  rather  than  line  loading  for  power  system  security  assessment  may 
be  a  more  reliable  method.  Generally  speaking,  in  multi-machine  systems  small  angles  between  the 
regions  or  buses  is  “relatively  secure”  and  angles  approaching  90  degrees  is  unstable.  If  bus  voltage 
phase  angles  along  with  stability  margins  were  displayed  for  system  dispatchers  on  the  power  system 
diagrams,  the  load  flow  and  stability  situation  could  be  verified  at  a  glance. 


Monitoring  Reactive  Power  Requirements 

The  reactive  power  injections  which  are  required  for  controlling  voltage  magnitudes  in  the  power 
system  depend  basically  on  two  factors:  the  load  characteristics  and  the  reactive  losses  in  the  network. 
Phase-angles  are  important  quantities  in  this  respect  because  they  influence  the  reactive  losses  in 
transmission  lines,  especially  for  large  angles. 

This  relationship  was  a  major  factor  in’  the  voltage  collapse  and  subsequent  blackout  in  France  in  1978 
and  the  blackout  in  the  SW  region  of  California  in  1982.  Abnormally  large  angles  produced  large 
power  transfers.  These,  in  turn,  increased  the  demand  for  large  reactive  compensation  and  the  system 
became  unstable  when  it  was  not  available. 

High  speed  phase  measurements  will  allow'  real-time  monitoring  of  the  reactive  power  requirements  of 
the  of  the  system  or  a  region.  Following  a  system  disturbance  it  is  fast  enough  to  initiate  high-speed 
reactive  compensation,  such  as  shunt  capacitor  switching  to  control  voltage. 


Reduction  of  Losses 

From  precise  synchronous  field  data  it  is  possible  to  construct  a  precise  computer  model  of  the  system. 
Hy  using  this  model,  computer  studies  could  be  run  to  match  a  specific  load  demand  at  minimum 
losses.  Security  considerations  permitting,  savings  could  be  realized  for  example,  by  opening  some 
lines  which  carry  essentially  no  load  at  a  specific  time  of  the  day  or  season. 


System  Restoration 

Following  a  major  blackout,  generating  plants  or  regions  can  be  reclosed  rapidly  if  they  are  in  phase 
with  one  another.  With  remote  voltage  phase-angle  measurements  at  key  points,  it  would  be  possible  to 
synchronize  and  restore  remote  substations  reliably  and  securely.  This  should  make  system  restoration 
faster  and  more  versatile. 


Summary 

HFT\  is  continuing  research  on  precise  timing  systems  and  applications  development  for  operation 
and  control  of  its  electric  power  system.  It  has  developed  and  employed  an  accurate  and  reliable 
fault  locator  system  and  the  precise  timing  network  that  enables  it  to  operate.  GPS  is  being  used 
to  extend  the  range  of  that  system  beyond  BPA’s  network.  Investigation  also  continues  of  better 
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methods  to  dissemination  system  time.  A  demonstration  R  &  D  project  is  being  initiated  to  combine 
time  dissemination  and  fault  location  timing  into  a  GPS  receiver. 

Research  in  system  wide  phase  angle  measurements  is  also  continuing.  The  first  test  phase  of  a  phasor 
measurement  system  has  been  completed.  A  GPS  receiver  provides  the  precise  timing  required  for  the 
synchronous  sampling  used  to  compute  voltage  and  current  phasors.  Results  have  been  very  good, 
and  consequently  new  system  deployment  is  being  investigated. 

A  successful  phase  angle  measurement  system  will  have  many  applications.  These  include  a  new 
generation  of  controls  including  remedial  action  schemes,  dynamic  brake  and  capacitor  insertion, 
DC  system  modulation,  and  system  state  estimation.  As  power  system  loading  and  interconnection 
increase,  new  and  more  automated  controls  will  need  to  be  developed.  High  speed,  real-time  phase 
angle  measurement  may  prove  to  be  a  key  to  the  next  generation  of  controls. 
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Figxure  2.  Average  of  FLAR  versus  GPS  timing. 
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Figure  3.  Worst  Case  of  FLAR  versus  GPS  timing  (Span  or  Maximum>Minimum). 


John  Day  Malin 


Figure  4.  Synchronous  Phasor  Measurement  System  One  line  Diagram 
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A  HYDROGEN  MASER  WITH  CAVITY  AUTO-TUNER 
FOR  TIMEKEEPING 


C.F.Lin,  J.W.He,  and  Z.  C.  Zha i 
Shanghai  Obaeryatory 
Academia  Siaiea 


Abstract 

A  hydrogen  nuuer  frequency  etandard  for  timekeeping  hoe  been  worked  at  Shanghai 
Obeeroatory,  The  maeer  empiaye  a  faat  eauity  autt>-tuner.  which  eon  d^eet  and  eampeneate 
the  frequency  drift  of  the  high-Q  reeonant  cavity  with  a  ehort  time  constant  by  means  of 
a  signal  injection  miOhad.  so  the  long  term  frequency  stability  of  the  mater  standard  was 
greatly  improved.  This  paper  describes  the  cavity  auto-tuning  system  and  some  maser  data 
obtained  from  the  atonuc  time  comparison. 

DnnooucnoN 

Sktigkii  ObserTiUrj  kts  very  strict  reqiireieits  for  precise  freqieicy  iid  tine. 
Tkese  reqiireieits  arise  froi  tke  leed  of  itoiic  tile  scale  keepiag  as  well  as  a  firiety 
of  radio  aitroioiical  ezperiieits  sick  as  VLBI.  At  tke  preseit  tiie.  tke  kydrogei  laser 
staadards  dereloped  by  Shaatkai  Obserratory  haye  beea  ised  for  tiiekeepiag  aid  VLBI 
station  ii  Ckiia.  Tke  freqieicy  stability  of  tke  studards  is  to  parts  ii  10'^*  at  1. 000 
secoids  Sferaqiig  period  of  tiie.bit  tkis  stability  degrades  at  loiger  aieragiig  iiterials 
die  to  tke  iiflieices  of  eniroueit  aid  caiity  igiig.  Tkis  loig  ten  stability  leads  to 
tile  aid  freqieicy  errors  wkick  reqiires  freqieicy  correctioi  to  laiitiii  clock  acciricy. 

To  greatly  redice  tke  reqiireieit  for  freqieicy  adjistieit  aid  tiiiig  to  coipeisate 
for  loig  ten  caiity  drift  aid/or  eiiiroiieital  ckugei,  a  coitiiioii  caiity  aito-  tiier 
for  tke  kydrogei  laser  was  deieloped  at  Skaigkai  Obseriatory  witk  good  siccess.  Tke  aito- 
tiier  kas  beei  iistalled  ii  a  kydrogei  laser  aid  pioied  a  siccessfil  letkod  wkick  cai 
proiide  sick  coitiiiois  tiiiig  witkoit  lick  pertirbiig  tke  user  skort  ten  stability. 

GENERAL  DESCRIPTION 

Tke  kydrogei  user  freqieicy  stiidard  witk  tke  aito-tiier  is  ai  actiie  oscillator. 

Fig.  I  is  a  pictire  of  tke  user  aid  Fig.  Sis  a  liie  drawiig  iilistratiig  tke  user 
strictire.  Oie  of  tke  iiiqie  aid  iiportait  featires  of  tke  user  is  tke  iicorporatioi  of  a 
caiity  aito-tiier  to  uiitaii  tke  caiity  at  a  coistait  freqieicy  relitiie  to  tke  kydrogei 
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enigsioa  liae.  The  lato-tuaer  is  i  staad-aloae  systeia  aad  does  not  require  periodic  source 
pressure  ckaages  or  a  separate  frequency  reference  as  used  in  tke  traditional  spin-eackange 
netkod  of  cavity  tuning.  Besides,  tke  present  design  of  all  tke  maser  standard  paid  more 
attention  to  tke  compact  configuration,  so  tkat  tke  maser  kas  a  rugged,  reliable  and 
transportable  featured]  .  C2]  . 

CAVITY  AUTO-TUNER 

Tke  principle  of  tke  cavity  auto-tuner  is  described  in  Fig.  3  C3l  .  C4]  .iken  a 
frequency  modulated  micronave  signal  f  (t)  is  transmitted  tkrougk  tke  cavity,  an  amplitude 
response  signal  Alt)  is  obtained  in  tke  output  signal,  tken  applied  to  varactor  coupled  to 
tke  microwave  cavity  by  a  lock-in  amplifier. so  tkat  tke  cavity  resonant  frequency  response 
is  maintained  to  tke  desired  solid  curve  tkrougkout.  A  sckematic  diagram  of  tke  cavity 
auto-tuner  for  tke  maser  is  skown  in  Fig.  4. 

1.  nil  Sequarewave  Generator 

Tke  block  diagram  of  tke  generator  is  skown  in  Fig.  6.  Tke  generator  kas  two  outputs. 
Tke  one  is  applied  to  tke  20. 4061fn.MIi  switcked  syntkesiier  to  modulate  tke  frequency, 
tke  otker  one  is  applied  to  a  synckronoug  detector  circuit  wkere  an  ‘up’  or  ‘down’  error 
signal  is  generated.  Tke  phase  shifter  is  adjusted  to  ensure  tkat  tke  cavity  auto-tuner  is 
a  negative  feedback  system. 

2.  20. 406ifmMli  switcked  syntkesiier 

As  we  knew,  tke  20.406if»MDi  signal  which  is  mixed  with  l,400lflls  signal  generates 
a  1, 420. 4061  fnMli  frequency  modulated  signal.  To  prevent  interference  with  tke  mnser 
operation,  tke  nearly  complete  carrier  suppression  in  tke  injected  microwave  signal  must 
be  required.  At  tke  same  time,  tke  power  of  tke  injected  signal  in  1,  420.406^  f,Jffii.  and 
one  of  tke  signal  in  i,  420. 406-fnJliii  must  be  equal,  wkere  f„-0.  OISMHi.  Fig.  6  is  tke  block 
diagram  of  tke  20. 4061  foMHg  switched  synthesixer,  wkere  using  PLL  is  to  improve  tke 
frequency  spectrum  of  tke  output  signal.  Fig.  7  (a)  and  (b)  are  the  pictures  of  20.4051 
foMHx  and  1, 420. 4051  foMli  signals,  which  are  measured  by  BP85G6A  frequency  spectrum 
analyier. 

3.  Lock-in  Amplifier 

Tke  lock-in  amplifier  is  described  in  Fig. 8. Tke  amplitude  response  signal  is  amplified, 
rectified  and  sent  to  a  synchronous  detector,  and  tken  an  ’up'  or  ‘down’  signal  is  given. 
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After  filled  aad  ialegrated,  tlie  siftaal  by  a  bias  is  added  to  tb  varactor  ia  lb  cavity. 
i  Phase- locked  receiver 

Some  inproveioeats  were  made  ia  the  phase-locked  receiver.  First,  a  aarrow  crystal 
filter  (Bf=2Klla).  which  sappresses  the  iajected  stgaal.  is  iaserted  to  preveat  it  froai 
iaterferiag  the  phase-locked  loop  operatioa. Oowever, all  circaits  before  the  crystal  filter 
oast  have  a  wide  operating  freqaeacy  band  to  traasnit  the  injected  signal  to  lock-in 
amplifier  withoat  phase  and  amplitade  loss.  Second,  the  ^OSKDz  digital  synthesizer  adopted 
a  new  digit  direct-dividing  and  combining  techaiqae  aad  avoided  the  adjastiag  complexity 
of  the  phase- locked  loop  combination. 


TEST  RESULTS 


The  first  series  of  tests  were  made  to  determine  the  operating  characteristics  of 
the  maser  with  and  withoat  the  aato-taaer.  Allan  variance  data  plots,  taming  on  aad  off 
the  cavity  aato-toner,  are  contained  Fig.  9,  and  clearly  show  that  there  is  only  minimal 
degration  of  the  maser  short  term  stability  with  the  introdaction  of  the  iajected  signal 
of  the  cavity  aato-taaer.  However,  the  long  term  stability  of  the  maser  has  greatly  been 
improved. 

These  tests  have  been  made  under  normal  working  laboratory  conditions  in  an  area 
where  the  temperature  is  held  to  approximately  23L'+I‘C.  The  reference  maser  is  H?  Til  . 
C21  . 


In  addition,  the  maser  has  been  working  continuously  for  atomic  timekeeping  at  Shang¬ 
hai  Observatory  since  Jane,  1991.  Fig.  10  shows  the  comparison  data  measured  between  the 
maser  clock  and  UTC  by  means  of  GPS  receiver.  The  data  illustrates  the  maser  frequency 
standards  with  cavity  auto-tuner  can  be  used  for  time  keeping. 

Much  more  stability  data  will  be  taken  under  different  condition  of  operation  and  for 
longer  times. The  maser  is  still  being  tested  and  adjusted  to  optimize  the  maser  parameters, 
however,  the  present  data  is  quite  encouraging. 
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A  KIND  OF  SMALL  HYDROGEN  MASER  FOR 

TIME-KEEPING 


Z.  C.  Zhai.  C.  F.  Lin,  J.W.  He,  H.X.  Huang,  J,  F.  Lu 
Shanghai  Observatory 
Academia  Sinica 


ABSTRACT 


A  kind  of  small  hydrogen  maser  standard  for  timekeeping  is  being  developed 
at  Shanghai  Observatory. The  maser  employs  a  cylindrical  capaeUively  loaded  cavity 
construction,  resulting  in  significant  size  and  weight  reduction  compared  to  a  tradi¬ 
tional  hydrogen  maser. The  Q  of  the  compact  cavity  is  electronically  enhanced  by 
a  suitable  positive  feedback  into  the  cavity  to  enabU  sustained  maser  oscillation. The 
long  term  stability  of  the  maser  is  improved  by  a  cavity  frequency  stabilization  servo 
system.  This  paper  describes  the  deugn  and  development  of  the  maser,  as  well  as 
photographs  of  the  new  maser  system  during  the  construction  phase. 


INTBODUCnON 


After  tile  success  of  tke  first  Ckiuese  kjdrogea  Maser  made  at  Sliaagliai  Observatory 
in  1972,  6  more  hydrogea  Masers  vitk  several  inproveneots  to  tke  maser  design  were  made 
at  Shaagkai  Observatory  for  VLBI  observations  aad  for  time-keeping.  These  hydrogen  Masers 
are  conventional  laboratory  standards. 

To  equip  Chinese  VLBI  network,  a  net  generation  of  hydrogen  maser,  a  integrated,  ragged 
and  easily  transportable  maser,  was  developed  successfully  ia  1987.  And  so  far  5 
this  kind  of  hydrogen  masers  have  been  put  to  use  in  Chinese  VLBI  network  and  in  mili¬ 
tary'-*" 


At  present. Skaagkai  Observatory  meanwhile  is  developing  the  third  generation  of 
hydrogen  maser,  a  Q-enkanced  maser,  which  employs  a  compact  cavity  design,  resulting  in 
significant  site  and  weight  reductions  compared  to  a  conventional  maser.  The  long-term 
stability  for  this  kind  of  maser  is  improved  by  a  cavity  frequency  stabilisation  servo 
system.  This  paper  describes  the  design  and  development  of  the  Q-enhanced  hydrogen  maser, 
as  well  as  photographs  during  the  construction  phase. 
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OPERATION  PRINCIPLE 


operatioD  principle  of  a  Q-enhnced  laser  oscillator  is  skovn  in  Figure  1. 

Siaiiar  to  a  conventional  maser,  a  state-selected  beam  of  hydrogen  atoms  is  focused  into 
a  storage  oulb  placed  inside  a  cumoact  cavity  tuned  to  the  kyperfine  transition  frequency 
of  ground-state  hydrogen  atoms  The  interaction  of  the  atoms  with  the  cavity  electromagnetic 
field  causes  the  atoms  to  radiate. The  losses  in  the  compact  cavity  are  such  that  the  maser 
oscillation  condition  is  difficult  to  satisfy.  This  limitation  is  overcome  by  positive 
feedback,  as  ^uovn  in  Fig  I  A  portion  of  (he  eiternally  amplified  maser  output  is  fed  back 
into  the  cavity  The  attenuation  in  the  feedback  loop  determines  the  amount  of  feedback, 
while  the  puase  shifter  adjusts  propagation  delays  to  ensure  that  the  feedback  signal  is 
in  pause  «iih  the  electromagnetic  field  in  the  cavity.  Thus,  the  cavity  losses  are  effec- 
ti>ely  reduced  or  cavity  Q-enhanced  and  sustained  maser  oscillation  can  be  obtained. 

However,  the  cavity  in  a  Q-enhanced  oscillator  is  not  an  isolated  component  as  in  a 
ronventionai  maser  The  cavity  resonance  frequency  is  sensitive  to  phase  shift  in  the  feed¬ 
back  loop. In  fact,  the  cavity  and  the  feedback  loop  form  a  resonant  system  that  is  suscepti¬ 
ble  to  environmental  perturbations  it  is  therefore  essential  to  have  a  cavity  frequency 
staoilizalion  servo  system. 


MASER  OSCILLATOR  SYSTEM 


The  physics  unit  of  the  Q-enhanced  maser  is  shown  in  Fig  2. The  mechanical  structure 
except  for  the  cavity  is  similar  to  a  conventional  maser  The  vacuum  chamber  is  made  of 
aluminum  and  is  connected  to  the  source  manifold  by  a  titanium  tube  which  provides  mech¬ 
anical  support  with  low  thermal  leakage  to  the  cavity  interaction  region  Vacuum  maintenance 
is  provided  by  701  /s  ion  pump,  as  shown  in  Fig  3.  The  source  of  the  state-selected  atomic 
hydrogen  beam,  consisting  of  an  rf  dissociator  and  a  heiapole  magnet,  is  fabricated  as  the 
conventional  design. The  solenoid  is  made  of  multi-layer  printed  circuit  design, allows  very 
complete  cancellation  of  spurious  magnetic  field  and  provides  a  rugged,  close-fitting,  and 
simple  coil  system  which  is  equipped  with  two  end  field  gradient  correction  coils  driven 
from  the  same  current  source  as  the  main  coil. Magnetic  shielding  is  provided  by  four  layers 
of  concentric  cylindrical  shields  with  conical  end  cans  as  shown  in  Fig  4. 

The  cavity  consists  of  a  section  of  15cm  0. D  '  5mm  walT-'IScm  long  aluminum  tubing 
with  aluminum  end  plates  Input  and  output  coupling  loops  as  well  as  a  varactor  reactance 
tuner  are  mounted  on  the  bottom  end  plate. For  tuning  the  frequency  of  the  cavity,  a  big 
mechanical  piston  inside  the  cavity  is  mounted  on  the  top  end  plate  The  storage  bulb,  lOcm 
0  3.  '  Ilcm  long,  provides  mechanical  support  for  the  cylindrical  loading  capacitor.  The 
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capacitor  coasists  of  foii;  equally  spaced  electrodes  fabricated  frost  0. 5isa  thick  xgcsi 
tide 'Mien  tosg  copper  skiiss  and  attached  to  the  bulb  by  epoxy  The  bulb  is  coated  ou  the 
inside  surface  «ith  P46  lei  ion  by  standard  techniques. The  loaded  carity  Q  is  about  5000. 
Pig  .5  sho^s  the  ca»ity-storage  balb  subassenbly 

Sesarate  tesceratare  controls  are  provided  at  the  done,  cyinder,  and  base  sections 
of  the  Tacaui  chairbe:  as  iipII  as  at  outoven  aluminuffl  cylinder  located  the  outside  of  the 
second  lave;  ui  lae  aiagnetic  shields  To  minioixe  DC  stray  fields,  double  bifilar  heater 
*ir.dicgs  aci  DC  heater  currents  are  used  Fig  S  shows  under  assembling  of  the  maser 
oscillator 


ELECTRONICS  SYSTEM 


As  mecti'jced  abui’e.  the  cavity  and  the  feedback  loop  form  a  resonant  system  that  is 
susceotible  to  environmental  perturbations  It  is  therefore  essential  to  have  a  cavity 
frequency  stabilixatiun  servo  system. As  shown  in  Fig  7.  if  the  desired  cavity  frequency  is 
ro.  then  two  test  signals  of  equal  amplitude  at  frequencies  f,  and  {3  symmetrically 
situatea  with  resoect  to  fo  and  at  half-power  points  of  the  cavity  response  will  be  alter¬ 
nately  injected  into  the  cavity  by  square  wave  modulating  the  test  signal  source.  If  the 
cavity  response  is  represented  by  the  solid  curve  in  Fig  7.  then  the  rectified  test  signals 
have  the  same  amplitude  and  there  would  be  no  error  signal  at  the  modullating  frequency.On 
the  other  hand,  if  the  cavity  has  drifted  so  that  the  response  is  represented  by  the  dotted 
curve. cavity  transmissions  at  frequency  f,  and  fj  are  quite  different. The  rectified  teat 
signals  produce  a  square  wave  at  the  modulating  frequency  This  error  signal  is  synchron¬ 
ously  detected  and  additional  gain  is  provided  by  a  smoothing  integrator,  the  outpat  of 
which  is  used  to  bias  the  varactor  reactance  tuner  so  that  the  cavity  response  is  slewed 
back  to  the  desired  solid  curve. 

A  functional  block  diagram  of  Q-enhanced  maser  signal-processing  system  is  shown  in 
Fig  8.  The  cavity  Q  enhancement  and  frequency  stabilization  servo  are  located,  respectively, 
in  the  central  portion  and  in  the  left  side  of  the  diagram  The  front  end  microwave  electr¬ 
onics  is  common  to  both  systems  After  the  first  conversion,  the  signal  is  divided  into  two 
chancels  by  a  power-divider.  In  one  chancel,  a  narrow  crystal  band  pass  filter  (3f  =  3KnZ) 
passes  maser  oscillation  signal  to  the  clock  signal  processing  circuits  In  the  other 
channel,  the  signals  are  rectifed  and  svnchiocousiy  detected  for  the  cavity  stabilisation 
servo  system  To  minimize  interference  with  radiating  atoms  due  to  switching  sidebands, 
the  test  signal  synthesizer  is  switched  to  generate  alternately  the  two  teat  frequencies 
at  a  relatively  low  rate  of  illZ  The  spacing  of  the  frequencies  fjand  fj  is  selected  to 
be  30Kliz  since  strong  maser  oscillation  could  be  obtained  with  an  enhanced  cavity  width 
of  that  magnitude 
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ikat  »e  skould  aeatioa  is  Ihl  except  for  tiie  froat-ead  conpoaeats.  tbe  sigaal- 
;’  'ce55icg  electrocics  is  hoiised  ia  a  rack  seperate  from  the  physics  aait,  A  thernal 
i.iniroi  'iGi(  is  asea  to  regulate  the  temperature  of  aa  alumiaiua  box  ia  taich  the  froat-ead 
jlect-oaic  conpoaeats  are  nouated  These  conpoaeats  iaclude  the  feedback  loops  aad 
tie  that  arises  the  reactaace  tuaer  The  box  locatioa  is  chosea  to  oiaifflixe  the 

1  >. ug i a  0.  1 1  a  traasnisiioa  liae  used  ia  aaser  iaput-outgoiag  coupiiag. Fig  9  shows  the  naser 
’hctroaKs  system  includiag  the  cavity  stabilixatioa  servo. 


I  HE  LAST  WORD 


la  the  sectioas  above,  we  described  the  desiga  aad  developiaeat  of  a  small  oscillatiag 
compact  hydrogea  maser  at  Shaaghai  Observatory,  as  well  as  some  photograpas  daring  the 
(oastructioa  oaase  At  present,  the  maser  is  under  assembiiag  aad  testing  Hopefully  we  can 
■  blaic  s„ce  data  at  the  beginning  of  the  next  year. 

REFERENCES 


ii  Li.  ihai.  Shanghai  Observatory' s  hydrogea  masers,  JI8T8  Vol  27,  II,  1981. 

'2d  Z  C.  Zhai  etc,  A  kind  of  applied  hydrogen  maser,  “Progress  in  Astronomy"  ,  Vol.fi. 

No  ,3.  1988 

.  3}  .  Z.  C.  Zhai.C.  F.  Lin  etc.  Performance  evaluation  of  the  Shaaghai  Observatory' s  new 
Il-maser,  “Electromagnetic  Metrology"  ,  International  Academia  pnblishers,  1989. 

4  1  Z  C.  Zuai,  C.  F.  Lia  etc,  A  new  H-maser  time  aad  Freqaeacy  standard  at  Sheshaa 
VL3I  station  of  Shaaghai  Observatory,  proc  of  21st  PTTI  meeting,  1989. 
oJ  i  \  I  'aO.  and  Z  C.  Zhai,  A  report  on  the  hydrogen  maser  to  be  used  for  GPS  time 
comparison,  prci  of  PTTD,  1990. 

.'8d  R  T  M.  Vang,  An  oscillating  compact  hydrogen  maser,  proc  of  34th  Annan  spposinm 
on  Freqaeacy  control,  1980. 

"d  C  F  Lin  J  W  lie  etc,  A  hydrogea  maser  with  cavity  auto-tuner  for  time  keepiag.  to 
be  published  ia  the  proc  of  23rd  PTTI  meeting, 1991. 


172 


STOflAGC 

OISSOCIATOR  BUi.8  AMPlIPlER 


f’lg.  1  Scheoalic  ot  a  <>|'eaiiaace(i  inaser  oscillator 


Pig.  2  T!ie  piiotoKrapli  of  a  Q-ealia&ced  Fig.  3  Tlie  photograpli  of  a  sisa 

iiaser  oscillator  systen  size  loa  piusp 


Pi?  t  The  photograph  of  'sagnetic  shielding 
•  ith  conical  end  caps. 
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Abstract 

The  theory  of  oscillator  anafysis  in  the  immittance  domain  was  presented  in  Ref  1  which  should  be 
read  in  conjunction  with  the  additional  theory  in  this  paper.  The  combined  theory  enables  the  computer 
simulation  of  the  steady  state  oscillator.  The  simulation  makes  practical  the  calculation  of  the  oscillator 
total  steady  state  performance,  including  noise  at  all  oscillator  locations.  Some  specific  precision  oscilla¬ 
tors  are  analyzed. 


PART  1  THEORY 
1.  INTRODUCTION 

The  theory  consists  of  all  the  material  in  Ref  I  pins  the  material  of  Sections  ;j.T2  through  3.14 
presented  in  this  paper. 

3.  THE  REAL  OSCILLATOR 

3.12  The  circuit  noise  transformation  function,  CTHm  (f),  in  the  ZN  configuration 
of  Fig  2  of  Reference  1 

K(|  20.  repeated  here  for  convenience, 

<  t(  rt)i  0  >  <  tfrrv  1  >  <  tcrtn  2  > 

c,„{f)  =  £v.(/)  •  \nT/(Zt(f)\^ 

may  he  considered  a  spe  cial  case  of  general  Fq  2-3 

<  If  rtt)  0  >  <  h  rm  1  >  <  tfnu  2  > 

£-.,(/)  =  Cud)  •  CTRm(f) 
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In  Eq  25,  tenu  0  is  tho  oscillator  phase  noi.se  at  location  in,  where,  in  Ec]  20.  in  =  Ix.  Term  1 
is  called  the  residual  phase  noise  [6]  of  the  active  or  other  device.  Term  2  is  called  the  circuit 
transformation  of  residual  noise  function  at  location  in. 


file  importance  of  the  residual  noise  lies  in  the  fact  that  it  can  be  measured  iiKhquuidently  of 
the  oscillator.  Then,  one  needs  only  to  compute  the  applicable  C'TRin(f)  and  then,  using  E(i  25. 
det(Miuine  the  oscillator  noise,  at  any  and  every  location. 

Since  it  is  stipulated  that  the  noise  is  due  to  Vii,  then 

C  =  PS  -  VT(/)/[V^n(0)p  (20) 

=  iCi«{/)«[v;(0)/i;„(o)]''.  (27) 

where  I  is  the  carrier  input  voltage  at  which  the  residual  phase  noise  is  measured  and  V's  is  defined 
in  Eig  2  (in  [{(T  1)  and  used  in  E<|  21. 

3.12.1  The  computation  of  C I  Hn\{{) 

Erom  Eq  25: 


=  PSr,Af)/PS,niO)  (28) 

Erom  El]  12a: 

PS„Af)  =  CF,nX-n(f)*PSvnif)  (29) 

=  cF,vn{f)*Pvn(f)*[v,mY  m 

From  Eq  21  (51) 

=  CFmVnif)  •  Cnif)  •  {Vinf 

Erom  Eq  27  (52) 


(32b) 
(55) 

('omparing  l'b|  55  with  E(|  25,  we  see  that: 

rrR„,{f)  =  CF,„v,,(f)/P),„  (54) 

t’/'-.ir,,  is  calci.lated  as  in  Sect.  5.9. 

3.12.2  The  calculation  of  with  the  BPT  program. 

<  Ni>te  that  /(’()„.  is  independent  of  I  n  and  cIR) 

,1.  fnter  the  ;i])plicabh'  Z.\  cottfigitration  of  the  oscillator. 


=  c,s„io)/(r„.)^  CO.,.  =  c.s-(0)/cs,,,.(0) 

Ihen 

PS. ,;{[))  =  (V„,  •  R(),„ 

( 'ottibitiitig  E(|s  2>t.  51  atid  52b.  we  obtain; 

Cmif)  =  F  li(f)  •  C  FmVn(f)l  PO, 
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b.  Set  F  =  fc,  and  dR  =  lE  —  9  ohm. 

c.  Make  Vn  a  VW  component  (white  noise  voltage  source)  of  convenient  magnitude. 

d.  E.xecute  Option  (’  and  note  the  magnitudes  Vin,  at  locations  iii  and  V',n. 


Then 

ROx,  = 

( 35 

or  in  dH  using  the  DEI  option. 

R)„AdB)  =  V'„i  referred  to  ly,! 

(35a 

3.12.3  Notes  for  Sect  3.12 

a.  Validity  of  this  section  --  The  reader  is  reminded  that,  for  flicker  noise,  this  section  is  valid 
oidy  for  Fourier  frequencies,  /.  at  which  .V,(/)  >>  Rt(f)  as  stipulated  in  Sect  d.ll 

1).  Figure  of  merit  CTR,n(f)  is  a  very  useful  figure  of  merit  of  the  transformation  of  device 
residual  noise  into  oscillator  noise  at  all  locations. 

c.  If  it  is  desired  to  ascertain  the  magnitudes  of  the  voltages  and  currents  at  all  locations  at 
/  =  0,  then 

1.  .Make  clH  a  value  such  as  that  of  Step  3.12.2.1). 

2.  Set  the  .Magnitude  of  Vn  in  step  3. 12.2. c  .so  that  Vjsdo.sc)  becomes  eipial  to  \\n  (residual 
measurement  input  V)  by  means  of  Option  F. 

3.  F.xecute  Option  ('  and  record  the  data. 

3.13  The  oscillator  f/, ;„„(/) 

,,,.  the  oscillator  operating  Q.  is  generally  defined  by 

Qop  =  f  r/.'7 df ) ;_o  •  /u/’2 RT  ( 36 ) 

It  is  sf'en  that  (J  ,p  apjilies  only  to  low  /. 

It  is  pr()[)osed  that  F(|  36  be  extended  to  be 

Q  >r<n(f)  =  {d.r(df)  •  fol'^RT  (37) 

( which  includes  Q,,p ) 
as  it  will  yield  more  information. 

It  can  be  shown  that 


Q  .prrM)  ~  /()  •  ( V,./\:,)/{2  •  SQR[CTR,„{f)  •  /}  (3S) 

Floth  (j  ,j„n  and  Cl'  R,„  will  become  more  important  with  the  expanded  use  of  oscillators,  with  more 
complicated  resonators,  for  which  I.eeson's  noise  model  [1],[5]  may  not  appiv. 
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3.14  Oscillator  circuit  configs. 

Thus  far  the  Z  aud  A’  configurations  have  been  described.  There  are  additional  useful  configurations 
which  are  considered  in  detail  in  Ref  9.  .Some  of  these  are 

d.l  l.l  .V  config  This  is  the  raw  com]>lete  oscillator  circuit  It  is  assigned  node  numbers  and  then 
(uitered  into  the  computer. 

:{.l  1.1.1  Z.\  config  -  This  is  the  .V  config  set  up  by  means  of  the  Z  config.  The  N  config  of  Fig  2  of 
Ref  I  is  a  Z.V  config. 

.'f.l  (.2  F  config  'Fhis  is  the  V  dual  of  the  Z  config  and  has  dC,  CIV,  and  BV  in.stead  of  dR.  RV . 
and  .Vr. 

2.1  1.2  V  .V  config  riiis  is  the  .V  config.  set  up  by  means  of  the  V'  config.  In  addition,  it  has  a 
jumper  to  enable  Z  measurements. 

2.1  1.1  ZT.\  config  This  is  the  Z.V  configuration  which  has  also  been  provided  with  BV  .  G\' ,  and 
dC. 


\  aud  V.V  configurations  have  the  important  advantage  of  having  fewer  nodes. 

1  he  Z  configuration  is  preferred  over  the  Y  configuration  because  of  its  much  greater  frequency 
capture  range'. 

fheri'  tire  also  many  more  |)ossible  Y ,  Y  N .  and  ZY  N  configurations  since  tuning  elements  can  be 
coniu'ctf'd  betwc'f'u  any  2  nodes,  nodes,  (,’hoo.sing  the  optimum  node  pair  is  difficult. 


PART  2  SOME  APPLICATIONS  TO  PRECISION  OSCILLA¬ 
TORS 

7.  INTRODUCTION 

fhis  jiart  descrilies  sotiie  applications  to  the  precision  oscillators  likely  to  be  found  in  PTTI  systems. 

fhe  data  was  obtained  with  program  BRT  as  directed  by  the  user  guided  by  the  above  theory, 
file  circuit  is  entered  into  the  computer  as  a  NETLIST  via  a  file  or  the  keyboard.  The  computer 
translates  the  uetlist  into  a  R.ARTS  FIST  which  is  readily  understood  by  any  user.  The  user  then 
interactively  directs  the  computer  to  generate  the  desired  data. 

1  he  progrtnii  is  basically  an  elaborate  laboratory  simulator  with  extensive  stockroom,  fabrication, 
itistniment  room,  measurement,  housekeepitig,  and  recordkeejiing  facilities,  unmatchable  in  any 
real  laboratory.  .At  present,  the  program  is  available  for  the  IBM  PC,  AT  etc.  and  compatible 
computers.  The  user  proceeds,  controls  and  operates  the  jrrogratn  as  if  he  or  she  were  construct¬ 
ing.  tf’sting.  and  then  modifying  the  "simulated  breadboard  circuit",  as  directed  by  the  user  and 
the  program,  in  exactly  the  same  matiner  as  in  a  real  laboratory,  but  much  more  expeditiously, 
ai  ('ll ratc'ly.  thoroughly,  and  with  much  greater  understatiding.  The  important  differi’tice  is  that 
the  simulated  breadboard  includes  only  the  information  as  directed  by  the  user  but  the  real  bread¬ 
board  <dso  iucimh's  intrinsic  information,  unknown  to  the  user,  such  as  parasitic  components  aud 
fre(|U('ncies.  This  difb'rence  signifies  that  only  about  90Vf  of  the  real  laboratory  testing  can  b(' 
eliminatf'd  by  ilu'  conijiuter  simulation. 
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From  this  program  description,  is  seen  that  the  general  analysis  and  design  modification  ])rocedures 
consists  of  the  following  5  steps  all  performed  within  the  program  environment. 

1.  Construction  of  the  oscillator. 

2.  Trimming  this  oscillator  to  the  desired  operating  freciuency. 

d.  .Analyzing  and  evaluating  the  oscillator  performance  with  the  aid  of  the  e.xtensive  measure¬ 
ment  facilities  within  the  program. 

4.  .Modifying  the  oscillator  to  improve  the  performance. 

').  Repeating  steps  4  and  4  until  the  desired  performance  is  obtained. 

6.  The  analysis  is  then  confirmed  by  constructing  and  testing  the  real  oscillator  to  check  the 
correct  entrance  of  the  parts  and  layout  data  into  the  computer  and  to  be  alerted  of  important 
omissions  in  the  data. 

It  will  be  noted  that  above  steps  1  to  5  are  e.xactly  tho.se  followed  in  the  real  laboratory  but  slightly 
modified  for  use  with  the  above  described  theory.  The  effort  and  time  rerpiired  to  perform  these 
steps  will  be  a  small  fraction  of  those  for  step  6. 

The  main  difference  between  the  this  method  of  analysis  and  the  customary  present  methods  are 


1.  I'he  circuit  of  the  device  being  analyzed  is  that  of  the  full  real  oscillator  and  not  a  possibly 
poor  approximation  incapable  of  producing  a.11  the  important  and  correct  data. 

2.  I'lie  type  of  data  obtained  closely  resembles  that  for  the  real  oscillator  and,  in  addition,  types, 
practically,  unobtainable  in  the  real  laboratory. 


The  difb’rence  is  primarily  due  to  the  closed  loop  analysis  and  the  noise  source,  amplifier  and  filter 
oscillator  model,  made  possible  by  the  computer  and  the  above  theory,  as  contrasted  with  the 
customary  open  looj)  analysis  .  It  should  be  remembered  that  the  real  oscillator  operates  closed, 
and  not  open,  loop. 

file  a[)plications  are; 

1.  .\  10  .MHz  1  resonator  oscillator. 

2.  .\  10  MHz  2  resonator  oscillator. 

.Application  1  has  been  and  is  being  manufactured  in  very  large  quantities  and  it  is  difficult  to 
appreciate  the  value  of  a  detaihal  analysis  at  this  stage  in  its  design  history.  However,  the  analysis 
is  still  useful,  at  this  time,  in  the  following  respects: 

1.  It  provides  a  greater  understanding  of  the  oscillator  operation. 

2.  It  clearly  demf)nstrates  the  validity  of  the  complete  design  basis  including  the  optimum  noise 
performancf'. 
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It  serves  as  a  p  control  tool  for  quickly  deterniininp;  the  effect  of  chaiigos  in  part 

characteristics  upon  the  total  oscillator  performance  and  thus  providing  information  as  to  the 
[lermissibilit y  of  substituting  parts  with  these  changes.  Such  <  lianges  aie  very  often  found 
necessary  during  production. 

.\pplicatiou  2  is  an  e.xampu'  of  the  use  of  the  theory  and  prog '-am  c.:.  a  research  and  development 
tool,  rids  oscillator  has  never  been  built  and  it  is  advisable  to  conduct  a  preliminary  computer 
St  iidy  to  (explore  its  behavior  and  desirability  prior  to  more  intensive  computer  studies  and  e.xpensive 
exp('rimental  efforts. 

riie  data  for  these  applications  are  presented  in  tlie  form  of  simplified  schematics,  a  typical  netlist, 
a  ty[)ical  ])arts  list,  <md  plots  of  the  more  important,  and  infre(|ueiit!y  or  not  previously  published, 
opc'rating  characteristics.  Commetits  on  tiie  ilata  are  also  included. 

riie  oscillator  plots  are  for  2  riuantities  versus  the  Fouriei  frequency.  /. 

rh('  circuit  transformation  of  residual  noise  at  location  m,  CT The  magnitude  of  the  closed 
loop  iti.p  'dance.  Z„^{f),  at  the  input  t<‘rminals  of  the  active  device. 

riu'  ('I'R,,,  function  is  described  in  Sect  ;t.l2 

If  th(>  noise  performanct'  of  the  oscillator,  £,„(/)■  been  eyperiim  titally  deterndned  and  CT  RvaI) 
ha>  been  calculated,  then  the  residual  noise  can  then  be  calculated  from  Eq  25. 

I  lu'  (|uantity  determimxs  tlie  contribution  of  the  active  device  input  noi.se  current,  /„.  to 
the  oscillator  noise  ns  it  produces  a  noise  voltage,  —  In  •  across  the  active  device  input 
terminals.  It  is  therefore  very  important,  when  measuring  the  device  residual  noise,  that  the  device 
be  termiu;it('d  t<(  simulate  the  impedances  present  in  the  closed  lor>p  oscillator. 

lu  this  couiiectioti.  the  noise  currents  may  be  determined  by  measuring  the  residual  noises  at  the 
ctdculaled  t('rmitiations  atid  theti  calculating  the  corresponding  noise  currents  (see  Sect  d. 12.3c). 

8.  10  MHz  1  RESONATOR  OSCILLATOR 

f  ig  1  is  the  sclK'inatic  diagram  of  this  oscillator,  called  OSCl. 

It  is  the  familiar  Colpitts  typ('  with  an  SC  cut  3rd  overtone  crystal  resonator,  XL,  having  R1  =  70 
Ohms.  Cl  —  2.1E~lb  farad  ;uid  Qx  =  1.0S3I5(). 

1  heo'  ar('  5  ;uldit ional  com[)ouetits  which  are  critical  and  therefore  must  be  careftilly  cotitrolled; 
C.\.  I..\.  C.N.  I..\.  ittid  ("b.  C.\  and  [..A  make  up  the  resonator  tnode  selector  network,  ,\1  (see  Ref 
3).  CN  atid  I..\  make  uj)  the  resonator  overtone  selector  network,  X2.  It  is  possible  to  combitie  the 
ov(’rt(ine  'ud  mode  selector  functions  iiit(j  1  three  element  network,  either  in  XI  or  X2.  However, 
in  prodiK  ,oti,  tin'  control  of  tin'  eleimmls  Ix'comes  very  difficult. 

("I.  is  the  tuning  element  of  tlu’  r(>sotiator.  It  may  be  a  capacitance,  inductance,  or  a  network 
including  a  tutiitig  diode. 

riu'  use  of  ('|('m(Mits  consiitiiing  R  I’  power  has  been  minitnized  so  that  t  he  calculated  oscillator  Q,,,,, 
l.lfsOEfi.  is  v(>ry  close  to  (Jj..  This  is  true  only  when  RL  is  1  .Megohm.  ITr  Rb  =  10  Kilohtns. 
(J  ...  Ik'coiik'--  O.fiOof'.')  atid  for  HI.  =  1  Kilohm.  Q,.i_,  =  I.XN.5E.5  atid  (piickly  cb'creases  with  furthi'r 
reil  net  ion-'  in  Hb. 

big  1  sho"  both  r,,.  and  1),  (se('  Sect  3.12)  defined  as  if  RE  were  ati  inti'gral  part  of  tlu'  tratisistor 
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Ql.  This  is  done  to  ensure  that  the  measurement  of  the  residual  noise,  CR(f),  in  Q1  includes  the. 
well  known,  marked  reduction  in  flicker  noise  due  to  RE.  .  Fig  5  shows  CTRm  and  plotted 
versus  /. 

CT R  data  is  presented  for  2  locations,  RL  and  I^..  RL  is  the  normal  output  location.  However,  the 
curves  indicate  that  the  1^.  noise  performance  is  superior  past  /  =  10  Hz  and  much  superior  at  high 
values  of  /.  Therefore  consideration  should  be  given  to  extracting  the  output  from  Ij-.  One  i  jetliod 
of  doing  this  without  significant  deterioration  in  Qop  and  the  low  frequency  noise  performance'  is 
described  in  Ref  8. 

I’he  curves  include  data  for  both  the  upper  and  lower  sidebands,  -f/  and  —  /,  of  the  spectrum  since 
they  may  not  be  symmetrical,  symmetrical.  The  asymmetry  is  caused  by  the  fact  that  the  signal, 
at  the  location  being  observed,  is  the  sum  of  at  least  2  signals  arriving  via  different  ])aths.  If  there 
is  only  1  major  llator  noise  sourc"  then  the  signals  are  correlated  and  must  be  combined  as  phasors. 

file  relative  phase  varies  with  the  frequency  /,  and  at  /  =  /„  the  signals  will  be  in  phase  in  one 
sideband  and  out  of  phase  in  the  other  sideband.  The  out  of  phase  signals  causes  dips  in  the  CT R 
function  in  the  region  of  /„.  The  value  of  fa  has  a  strong  dependence  upon  Qop-  being  closer  to  /„ 
the  greater  the  Qop-  because  the  phase  shifts  more  rapidly. 

The  magnitude  of  the  dip  is  a  function  of  the  equality  of  the  magnitudes  of  the  2  signals.  Curve 
H  of  Fig  5  shows  a  dip  of  about  20  db  at  about  20  Hz  below-  the  carrier.  There  is  no  conspicuous 
dip  in  the  resonator  current,  Q-  noise  because  of  the  resonator  filtering  action.  This  effect  may  be 
of  great  importance  in  systems  which  require  an  usually  low  noise  signal  in  a  relatively  narrow  / 
region  close  to  the  carrier. 

.■\  strong  dip  also  exists  in  curve  Cl,  the  curve  for  -  /,  at  a  somewhat  higher  magnitude  fa- 
The  Zin  plots  show  an  increase  of  over  X  100  as  /  varies  from  100  to  .1  Hz. 

9.  10  MHz  2  RESONATOR  OSCILLATOR 

riie  following  reports  on  the  result  of  a  preliminary  computer  study  to  determine  whether  it  merits 
additional  computer  and  experimental  studies. 

Fig  6  is  the  working  but  unoptimized  schematic  diagram  of  the  ac  circuits  of  this  oscillator,  called 
OSC2. 

It  is  a  modified  Pierce  type  with  2  resonators,  XLI  and  XL2,  identical  to  XLl  of  Fig  4,  capacitively 
coujiled  by  Cc. 

The  oscillator  parts  list  in  shown  in  Fig  7  and  the  netlist  is  that  in  Fig  8. 

For  simplicity,  the  mode  selector  and  overtone  selector  networks  are  not  included  but  they  ran 
be  similar  to  those  of  OSCl.  It  is  interesting  to  observe  that  their  omission  is  tolerable  in  the 
computer  oscillator  but  may  be  disastrous  in  the  real  oscillator. 

("I.l  and  ("1.2  are  the  tuning  adjustments  for  their  respective  resonators.  These  adjustments  also 
serve  to  set  the  oscillator  fretpienry.  /„,  and  to  shape  the  oscillator  phase  noise  curve  at  low  Fourier 
freiptencies. 

.A  +  I  Hz  shift  in  the  effective  /,  of  XLl  corresponds  to  +.4.'}  Hz  shift  in  the  oscillator  /„■ 

•A  -hi  Hz  shift  in  the  effective  /,  of  XL2  corresponds  to  Hz  shift  in  the  oscillator  /„.  This  data 


183 


shows  that  the  resonators  are  almost  equally  important  in  determining  the  oscillator  long  term 
frequency  stability. 

Q,,f,  =  1.17E6  which  is  about  -10 — because  of  the  2  resonators. 

At/  <  8  llz  the  noise  is  identical  at  all  locations  and  equal  to  those  of  OSCl  except  for  the  3  dB 
imi)rovement  due  to  the  higher  Q^p. 

At  /  >  20  Hz  the  noise  performance  may  be  much  superior  to  that  of  OSCl.  The  best  performance, 
that  at  location  C2,  is  also  plotted  on  Fig  5  to  facilitate  the  comparison  of  the  noise  performance 
of  the  2  oscillators.  It  will  be  seen,  from  that  figure,  that  at  10  KHz,  the  OSC2  performance  is 
potentially  better  by  about  60  dB. 

riie  Z„,  plots  are  appreciably  better  than  those  of  OSCl. 

The  following  carrier  signal  levels  were  calculated  by  BPT  after  .setting  dR  so  that  /j.  of  XLl  =  1 
m.\,  corresponding  to  dR  =:1.36E-5  ohm  : 

/,  of  XE2  =  0.17  mA 

V  of  Cl  =  0.099  V..  V  of  Cc  =  0.015  V.,  V  of  C2  =  0.026  V. 

Fhe  calculated  Idc  of  Ql.  is,  assuming  ALC  limiting,  0.75  niA. 

10.  ADDITIONAL  NOISE  SOURCES 

.\  large  part  of  the  just  reported  very  good  noise  performance  of  OSCl  and  the  even  better 
performance  of  OSC2  may  be  nullified  by  the  following  important  additional  noise  sources: 

Hesonator  noise  (See  .Se(  lion  3.3)-  Resonator  noise,  which  is  mainly  flicker  frequency  noise,  produces 
'  phase  noise  which,  in  good  circuit  designs,  swamps  the  circuit  flicker  noise  and  thus  effectively 
determines  the  total  oscillator  phase  noise,  at  low  /. 

.Additive  noise-  .\oises,  produced  by  i)assive  component  thermal  and  other  noise  sources  and  noises 
generated  in  active  devices  such  as  buffer  and  output  amplifiers,  set  effective  limits  to  the  total 
oscillator  noise  floors. 

riiose  readers.  iKjt  used  to  the  C'T Rm  <^nd  residual  noise  concepts  but  are  familiar  with  the  cus¬ 
tomary  C{f)  noise  data,  are  reminded  that,  since  lj(l/?l)  of  a  good  active  device  is  better  than 
-1  to  (IBc,  the  10  KHz  point  on  curve  E  of  Fig  9  corresponds  to  a  highly  improbable  Cc2(^EX)  of 
(  -1  10  -125)  =  -265  (IBc. 

11.  CONCLUSIONS  for  PART  2 

In  spite  f)!  its  relatively  complex  circuit,  requiring  2  high  performance  resonators,  the  following 
conclusion  are  reached: 

In  vi('w  of  its  [)otentially  excellent  noise  performance,  the  2  resonator  oscillator  merits  further 
computer  and  ex|)erimental  study  including  the  possibility  of  also  using  the  2  resonators  as  part  of 
a  vibration  noise  cancellation  system. 

.Much  additional  effort  is  desirable  to  decrea.se  the  effect  of  the  noise  sources  described  in  .Sect  10. 
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FIG  6  10  MHz  2  XTAL  OSCILLATOR 
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MEASUREMENT  OF  PRECISION  OSCILLATOR 

PHASE  NOISE 

USING  THE  TWO-OSCILLATOR  COHERENT 
DOWN-CONVERSION  TECHNIQUE 


Christopher  J.  Pagnanelli  and  William  F.  Cashin 
Ball  Corporation,  Efratom  Division 
Irvine,  CA 


Abstract 

This  paper  addresses  the  characterization  of  precision  frequency  standard  phase  noise  and  spurious 
outputs  using  the  two-oscillator  coherent  downconversion  technique.  This  paper focuses  on  techniques  for 
making  accurate  measurements  of  phase  noise  and  spurious  outputs  within  100  KHz  of  a  carrier.  Signif¬ 
icant  sources  of  measurement  error  related  to  hardware  desist  problems  and  inadequate  measurement 
procedures  are  discussed,  such  as:  measurement  errors  resultingfrom  system  noise  sources,  phase-locked 
loop  effects,  and  system  bandwidth  limitations.  In  addition,  methods  and  design  considerations  for  min¬ 
imizing  the  effects  of  such  errors  are  presented.  Analytic  discussions  and  results  are  supplemented  with 
actual  test  data  and  measurements  made  using  measurement  hardware  developed  at  Ball  Corporation, 
Efratom  Division. 


THEORY  OF  OPERATION 

Two-o;;cillator  colieront  downconversiuii  ib  a  process  by  which  the  noise  fluctuations  and  spurious 
outputs  of  a  test  oscillator  are  converted  to  ecpiivalent  baseband  voltage  fluctuations.  As  shown 
in  Figure  la.  the  basic  ideal  system  con.si.sts  of  a  test  osciliator,  a  noiseless  reference  oscillator, 
an  ideal  mi.xer.  a  noiseless  amplifier,  and  a  spectrum  analyzer.  The  spectrum  analyzer  is  used 
to  measure  the  power  of  the  voltage  fluctuations  at  the  output  of  the  coherent  downconverter. 
■Mthoiigh  this  technique  is  commonly  used  at  Efratom  to  make  phase  noise  and  spurious  outputs 
measurements  on  precision  frequency  standards  having  output  frequencies  of  5  MHz  or  10  MHz. 
coherent  downconversion  is  a  suitable  technique  for  making  noise  measurements  at  any  test  oscillator 
freiiuency. 

Random  voltage  fluctuations,  at  the  output  of  the  coherent  downconverter,  are  produced  by  test 
oscillator  phase  noise  ami  are  expressed  in  terms  of  spectral  density  (dHc/Hz  or  dHV/Hz).  However, 
making  noise  power  mea.'^urements  in  a  1  Hz  bandwidth  can  be  inconvenient.  For  this  reason, 
random  noise  power  is  typically  measured  in  some  known  bandwidth  and  is  then  converted  to  an 
equivalent  spectral  density  undi'r  the  assumption  that  the  voltage  fluctuations  approximate  white 
noisf'  within  the  measurement  bandwidth.  The  conversion  freun  noise  power  to  noise  spectral  density 
can  be  realized  by  adding  a  correction  factor  equal  to  101og(l/H\V)  to  tlie  measured  noise  power. 
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Tho  term  BVV  is  noise  bandwidth  and  is  approximately  equal  to  the  resolution  bandwidth  of  the 
spectrum  analyzer  used  during  the  measurement.  Most  modern  low  frequency,  digital  spectrum 
analyzers  can  be  configured  to  display  measurements  as  spectral  densities.  Voltage-relative  spectral 
densities,  in  units  of  dBV'/Hz.  can  be  converted  to  carrier  power- relative  spectral  densities,  in  units 
of  (IBc/Hz,  by  taking  into  account  the  carrier  power  of  the  test  oscillator. 

Deterministic  voltagr'  fluctuations,  at  the  output  of  the  coherent  downconverter,  are  produced 
by  tesi  oscillator  s[)urious  outputs.  Deterministic  voltage  fluctuations  are  narrowband  and  are, 
therefore,  expressed  in  terms  of  spectral  power  (dBc  or  dBV).  Spurious  outputs  are  generally 
iiu'asured  in  units  of  dBV  and  are  then  converted  to  more  meaningful  carrier  power-relative  units 
of  clBc  by  taking  into  account  the  carrier  jiower  of  the  test  oscillator. 

Since,  in  the  idtud  case,  the  reference  oscillator  has  no  phase  noise,  its  output  tv(0  can  be  repre¬ 
sented  by  a  pur('  sinusoid; 

Vrit)  =  ArMn[2Tr{fr)t].  (1) 

d’lie  output  of  the  test  oscillator  differs  from  a  pure  sinusoid  in  that  it  is  modulated  in  amplitude, 
fre(juencv,  and/or  phase  by  random  and  deterministic  noise.  Although  all  these  modulation  com- 
pont  uts  contribute  to  the  overall  spectral  density  of  the  test  oscillator  output,  treatment  of  each  is 
beyond  the  scope  of  this  paper.  Therefore,  for  simplicity  the  effects  of  frequency  modulation  and 
amplitude  nuululation  will  be  ignored.  The  resulting  output  of  the  test  oscillator,  vo{t),  is  given  by 

f’olO  =  Aosii.[27r(/o)f]  =  <!>(<).  (2) 

The  t('rm  <!>(/)  accounts  for  both  random  and  deterministic  phase  fluctuations,  which  are  typically 
lelerred  to  as  phase  noise.  The  output,  m(f),  of  the  ideal  mixer  is  the  product  of  the  reference  and 
ti'st  oscillator  outputs  and  is  given  by 

m(/)  =  [(.'l,./2)A'„.'lo]{sin[2a-(7r  -  /o)t  +  4>(<)]  -f-  sin[27r(/^  +  /o)/  -  4>(f)]}.  (3) 

The  tertii  A'„  is  the  low  noise  amplifier  gain  and  the  term  Ar/2  can  be  thought  of  as  the  conversion 
gain/loss  of  the  ideal  mi.xer.  .Assuming  that  the  reference  oscillator  and  test  oscillator  are  stable 
enough  that  they  can  be  set  to  the  same  output  frequency  (i.e.  fr  =  /o)  and  can  be  maintained  in 
a  quadrature  phase  relationship,  then  the  output  of  the  ideal  mixer  is  given  by 

ni(0  =  [(.'U/2)A'„.do]{sin[4>(/)] -f  sin[27r(2/o)f  -  4>(f)]}.  (4) 

The  sum  term  is  filtered  away  via  a  discrete  filter,  or  via  the  bandwidth  limitations  of  the  low  noise 
amplifier  and/or  spectrum  analyzer,  leaving  only  the  difference  frequency  term.  If  a  small  signal 
a!)proximation  is  made  for  then 


sin[<I>(/)] -[«!>(<)]  (5) 

and  the  filti-red  output,  in j(t].  of  the  ideal  coherent  downconverter  is  approximately  given  by 

m/(0  =  [(.472)A-„.4„]4>(<).  (6) 

As  ('(|uation  (i  indicates,  the  output  of  the  ideal  coherent  downconverter  is  a  ba.seband  signal  having 
voltage  fluctuations  which  art'  proportional  to  the  phase  noise  fluctuations  of  the  test  oscillator. 
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Practical  implementations  of  the  coherent  clownconvorter  usnaily  differ  from  the  ideal  im])Iementa- 
tion  in  several  respects.  One  difference  is  that  the  ideal  mi.xer  is  generally  ini[)le!m'nted  as  a  double- 
balanced  diode  mixer  to  provide  inherent  inpnt/onf put  isolation,  and  to  provirle  .AM  rr'jectirjn  and 
rejection  of  some  spnrions  outputs  applied  to  the  non-linear  (LO)  port.  .Moderti  (bjuble-balanced 
mi'ters  use  schottky  diodes  which  have  an  exponential  voltage  versus  currmit  responsf'.  d'he  output 
of  the  double-balanced  schottky  diode  mixer  is,  therefore,  a  highly  noidinear  function  containing 
many  high-order  terms.  In  addition  to  sum  and  diffr'rence  frerjuency  products,  tlu'  mix<'r  generates 
harmonic  intermodulation  products  at  frequencies  ctiual  to  [±.\//r  ±  -V/o].  where  M  and  .V  are 
integers.  Although  double  balancing  serves  to  suppress  products  formed  by  oven  values  of  M  and 
.Y,  ('ven  products  are  nonetheless  presetit. 

In  addition  to  producing  harmonic  intermodulation  products,  a  doiible-balauced  diode  mixer  has 
only  one  linear  input  port  (the  RF  port)  and  its  conversion  gain/loss  is  a  nonlinear  function  of 
till'  drive  level  ajtplied  to  the  nonlinear  port  (the  LO  port).  Ignoring  all  but  the  flisl-ordrr  mixer 
products,  and  assuming  that  the  reference  oscillator  output  drives  the  nonlinear  mixer  port,  then 
the  filtered  coheretit  downconverter  output  for  a  double-balanced  mi.xer  takes  the  form 

'"/(O  =  [Ffm(-d,-)A„.-lo]sin[2;r(7'V  -  /o)/]-  (7) 

In  e(|uation  7.  the  nonlinear  function  r/„i(.4r)  rei)laces  the  term  Ar/'2  in  equation  6  as  the  conversion 
loss  of  the  of  the  double-balanced  mi.xer. 

.Although  (lilbert  cell  mixers,  such  as  tnodern  active  FET  mixers,  are  a  better  approximation  of 
the  ideal  mixer  (having  a  square  law  relationship  of  voltage  versus  current  response),  the  noise 
performatice  of  such  mixers  has  in  tlie  past  been  inferior  to  that  of  schottky  diode  mixers.  It  is  also 
more  difficult  to  ituplement  double-balanced  mixers  with  FETs  than  with  schottky  diode.s.  which  i.s 
probably  why  the  schottky  diode  mixers  are  u.sed  more  frequently  despite  their  lark  of  conversion 
gain.  References  d  and  4  are  useful  sources  of  more  information  on  the  subj  'Ct  of  mixers. 

.A  second  difference  between  the  ideal  and  non-ideal  system  is  that  the  fretpiency  coherence  and 
(piadratiire  relationship  between  the  reference  and  test  oscillators  is  difficult  to  maintain  manually. 
For  this  reason,  servo  electronics  are  typically  emiiloyed.  Since  the  double-balanced  mixer  acts  as  a 
pha.sc  detci  ii.r.  it  includ.  ,  a.,  imp!;  ‘  '’'.'cgra'Miu  ''-'-ev'^rting  t*''' oscillator  frecpiencv  into  phase). 
I'herefore.  a  second  integrator  is  usuaJly  the  only  addit  ional  eirr  iiitry  recjuired  to  imj)lement  a  phase- 
locked  servo  loo|).  riiis  is  conveniently  realized  using  an  active  lag-lead  filter  as  shown  in  Figure 
It).  If  the  freiiuency  of  the  reference  oscillator  is  nf)t  ('lectronically  controllable,  than  additional 
I'.ardwarc  may  alsi*  be  recpiired  to  provide'  Ibis  feature. 

Ideal  and  non-ideal  systems  also  difb'r  in  that  reference  fisciilatoi  phase  noise  and  low  iioi.  '’  am- 
[)lifi('r  voltagi'  noise  contribute  to  the  overall  voltage  lluctuations  at  the  output  of  the  coherent 
downconverter  in  practical  systems.  .Although  in  some  cases  the  noise  contributions  of  the  refer¬ 
ence  oscillator  and  low  noise  amplilier  are  insignificant,  with  n'gard  to  the  measurement  of  precision 
oscillator  [)hase  noise  this  is  generally  not  the  case.  Obtaining  lower  noise  ri'lerence  oscillators  was 
essential  for  upgrading  Ffratom's  pliasi'  noise  test  e(|uii)menl  to  provide  for  more  accurate,  repi'at- 
al)le  measurements. 

Ad vantages/Disael vantages  of  the  Coherent  Downconversion  Technique 

VYlu'ii  using  the  coherent  downconversion  technique,  it  is  possible  to  make  accurate  measurements 
of  prf'cision  oscillator  phase  noise  anti  spurious  outputs  at  small  carrit'r  offset  fre(|uencies.  Such 
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nioasuroniPiits  are  difficult  (jr  impossible  with  some  of  the  ollu'r  plias('  luusc'  measurfuneiit  lecli- 
iiirpies.  Direct  spectrum  analyzer  measurcmieiils  of  phase  noise  and  spurious  outi)uts,  for  example, 
are  limited  by  the  resolution  bandwidth  and  dynamic  range  of  the  s|)ectrum  analyzer.  The  noise 
power  within  th('  rtcsoliition  bandwidth  of  the  measurement  must  Ix'  large  enoiigh  to  overcome 
the  dynamic  range  constraints  of  the  spectrum  analyzer,  riius.  widf'  rt'solution  bandwidths  are 
required  for  making  low  levtd  noise  (Kmsity  measurements  using  the  direct  spr'ctriim  analyzer  tech- 
nirpif'.  ffowev('r,  it  is  difficult  to  make  measurements  at  carrier  offset  frtHpiencies  much  less  than 
sev('ral  times  the  measurtmient  resolution  bandwidth.  Therefore,  im'asurement  (jf  phasf'  noise  at 
low  carrit'r  offset  frmiuencies  recpiirf's  use  of  a  narrow  resolution  bandwidth.  W  hen  narrow  resolu¬ 
tion  liandwidths  ar('  employed,  the  noise  power  within  the  resolution  t)andwidth  may  be  too  low 
to  overcome  t  h('  dynamic  range  constraints  of  th<‘  spt'ctrum  aiialyzer.  These  measurement  limita¬ 
tions.  which  are  imposed  liy  the  frecpiency  resolution  and  dynamic  range  constraints  of  spectrum 
analyzers,  ar<'  avoich'd  by  \ising  the  coherent  downconversion  teclini(|ue. 

Iligh-fr<’(piency  commercial  spc'ctrum  analyzf'rs  have  frecpiency  resolutions  which  art-  typically  no 
better  than  10  llz  and  have' dynamic  ranges  on  the  order  of  SO  dll.  The  10  llz  resolution  bandwidth 
limit.ition  makc's  direct  spc'ctrum  aiialyzc'r  measurements  difficult  for  carrier  offsc'ts  much  less  than 
100  llz.  .\!t  hough  supprc'ssing  the  carrier  in  direct  spc'ctrum  analyzer  measurc'inents  with  a  cali- 
biiitc'd  narrow  band  notch  filtc'r  can  c'nhance  mc'asurement  dynamic  range'  i)y  as  much  as  .10  dlf. 
this  is  ge'tie'rally  insufficie'iit  imiirovement  for  making  close-in  phase  noise  me'asurements  on  precision 
oscillators,  .\t  offse'ts  of  100  llz,  precision  oscillator  phase  noise  specifications  can  be'  bc'ttc'r  than 
-loo  (IHc/llz.  .Assuming  a  measurement  dynamic  range  of  110  dB  and  a  frequency  resedution  of  10 
llz.  till'  lower  limit  of  direct  spectrum  analyzer  nevise  measurements  is  -120  dBc/Hz.  Iti  compari¬ 
son.  (ohere'nf  downconverter  systems  may  have  moasurement  capability  which  is  better  than  -100 
dBc/llz  at  100  flz  carrier  offsets. 

fill'  graphs  in  figure  2  are  plots  of  the  noise  floor  of  the  Efratom  .5  Mllz  I’hase  Noise'  Tester,  and 
demonstrate  the  low-noise  measurement  capability  of  coherent  downconversion  systems,  flie  data 
was  gi'iierated  using  two  low  noise  .a  MHz  oscillators.  For  each  graph,  output  voltage  fluctuations, 
in  units  of  (IBV/Hz.  are  plotted  versus  carrier  offset  frequency  in  llz.  The  elBV/llz  readings 
are'  e-onverti'd  to  eIBc/Hz  readings  by  subtracting  .’{0  dB  to  take  into  account  the  power  of  the 
carrie'r  at  the'  output  of  the  coherent  elownconverter.  Therefore,  accoreling  to  Figure  2,  |)hase'  noise- 
measurements  to  nearly  -  UiO  elBc/Hz  are  possible  at  carrier  offsets  of  100  Hz  and  me-asurements  to 
ne'arly  170  elBc/Hz  are  possible  at  carrier  offsets  of  10  KHz. 

I’liase  noise'  ami  spuriou'^^  outputs  measurements  using  the  coherent  downconversion  techniepie  have' 
seve-ra!  elisad vantage's,  however.  On”  disadvantage  is  the  inability  to  distinguish  lower  sideband 
noise'  from  uppe'r  sidi'band  noise'.  .Since  coherent  elownconverter  measurements  are  doul)le-sidebanel 
measuri'inents.  the'  voltage  fluctuations  which  appear  at  the  output  of  the  coherent  downconverter 
are  due  to  the  combined  etfe'cts  of  upper  anel  lower  sidebanei  noise.  Thus,  measurement  ”rr”r~ 
e  ati  result  if  an  invalid  assumption  of  sideband  symmetry  is  made  in  converting  double-sideband 
measurements  to  single’-sieleband  measurements.  Another  di.saelvantage  is  that  coherent  elowncon- 
ve-rter  systems  are  more  complex  and  require  significantly  more  hardware  than  elirect  measurement 
systems.  This  aelded  complexity  introduce's  varioeis  error  sources  which  must  be  accounte>d  for  if 
ace  urate'  measurements  are  to  be  made.  These  disael vantages,  however,  are  generally  outweigheel 
by  the'  ability  to  make'  ve'ry  leew  phase  noise  measurements  close  to  the  carrier  using  the  coherent 
eh  iwncouve'rsiem  teehniepie. 
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Conversion  From  Units  of  dBV  to  Units  of  dBc 

In  ordnr  to  convf'ri  volta”,f'  r<'lativ(>  spf'ct rniii  analyzer  measiircment s  to  inoo'  iiselul  carriei  povsci 
relative  ineasnrcnients.  t  he  anipl'‘ i  'd' of  t)|(.  test  oscillat..r  at  t  lie  out  ])ii'  ol  t  he  coherent  ihiu  nion 
verter  nnist  he  (Iciemiined.  (  \.  ,er  aiii|iiit  udi‘ can  he  accnrately  ineaMired  hy  iirodin  ine  a  lre(|iic!i( 
olFset  between  thete^t  aih'  lerenci' oM'illators  and  iiieasiirine  I  lie  >hipe  of  the  resultant  heat  imic. 
If  the  t{‘st  and  reference  oscillators  ;tr('  not  at  tin'  same  freipiency  and  if  the  sum  lre(|uency  and 
noise  terms  ari'  it’iiored,  then  the  coherent  downconverter  out  put .  “.iven  hy  e(|uaiion  d.  heinmes 

ml/)  =  [f  i'„,  I  . .  hi]  silo'd"! /r  "/(lid- 


1  his  output  heal  not  e  is  usimll  v  severely  clijipi'd  hecaiise  (d  the  vol  t  a^e  swi  ny  limitations  ol  the  lovr 
noise  am]>lilier.  I  herefore,  it  is  not  possible  to  measure  the  peak  voltaye  o|  the  heat  note  directly. 
Measurement  of  heat  note  attiiilitude  cati  he  metisiired  indirectly,  howevi-r,  by  ohserviny  tie'  shipe 
of  t  he  risitiy  atid/or  ialllny  edyes  of  t  he  clipped  wtivefortti.  h  (  tin  he  showti  t  liat  the  peak  atiiplit  ude 
(  d  the  him  t  tiot  e  is  <J  i  ven  hv 


t  / 1  (  .  1  ,■  )  A  .  hij  — 


m(/j)  -  Iii(l  I  ) 

s\\\['2-(fr  -  /iil/j]  -  sin['i-(/,.  -  ,/'o  )/|j 


Since  otily  points  oti  I  he  hetit  tiote  ttetir  the  zero  crossing  tire  (d)serv('d, 
tion  for  ;i  sinusoid  is  vtilid  ttnd  eiiutiiioii  ft  Ix'comes 
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I  III'  heiit  iiote/carrier  power  is  commonlv  relerred  to  tis  the  ''ytiin  ol  the  coherent  dowticotiverter. 

riie  d  (IH  correctioti  factor  itt  eipiatioti  12  ttcconnls  lor  conversion  frottt  double  sidehtitid  to  sittyle- 
sidehatid  itt  phase  tioise  tneasuretnents  (by  convention,  phtise  noise  C{  f )  is  delined  its  ati  U])per 
sidehiittd  ttieasnretitettt )  atid  con \ersioti  Irom  peak  to  K.MS  iti  spiirious  outputs  itteasttretneni ,  .\n 
iidditiotiitl  d  ilH  correction  hiclor  for  cotiversion  Irom  doiihle-sidehiutd  to  sittyle-sidehattd  is  some- 
titttes  iticluded  iti  s|)urious  outputs  ttieasii rettieni .  resiiliitty  in  ati  overtill  lorrectioti  Iticlor  ol  h  dll. 
However,  the  e,\tra  d  (IH  fetr  spurious  oul])uts  is  vtdid  only  it  the  lower  sidehtitid  s|)iir  is  etpial 
in  amplitude  and  jdiase  in  the  u|)i)er  sidehtind  s|)iir.  It  is  possible  th.it  the  lower  sideliatid  spur 
itlll|ditude  is  siynifictitit  ly  different  frottt  that  of  tiie  upper  sidehtitid  Sjnir.  I  lierelore.  the  accepted 
method  is  to  tlS'Uttte  ih.ll  "tie  sidehattd  does  not  contribute  to  the  ttietisUted  spur  .liliplilude  so 
that  the  sattie  d  (|H  correction  factor  is  applied  to  both  phase  tmtse.  /.’(/).  .ind  s])urious  oiitjiiils 
ttteasll  rement  s. 
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SOURCES  OF  ERROR  IN  PHASE  NOISE/SPURIOUS  OUT¬ 
PUTS  MEASUREMENT 


rin'  iinposod  by  practical  realizations  of  the  ideal  coherent  downconverter  result  in  error 

>onn  es  which  must  lie  accounted  for  in  order  to  make  accurate  phii.se  noise  measiiretnents.  Usually, 
it  i>  not  difiicult  to  eliminate  iind/or  to  compensate  for  these  sources  of  error. 

Reference  Oscillator  Noise 

With  repaid  to  tin'  phii.^e  noise  measurement  of  precision  frequency  standards,  the  contribiition 
made  I  o  1  ohei'fMil  dow  nconverter  output  volt.aeo  tluctnations  by  the  reference  oscillator  noise  cannot 
be  >iee)ect(  d.  If  reference  oscilliitor  noise  coiitribiites  signifirantly  to  the  otitpiit  voltage  fluctuations 
o|  the  (oliermit  downconverter.  then  the  laderence  oscillator  output  cannot  be  represented  as  a  pure 
-itiii'oid.  the  output  of  ;i  noi>y  referc'iici'  oscillator  is  given  by 

=  .•lpSin[2T(/r)/ -  0(/)],  (13) 


where  <hi/)  is  the  phiise  nois(' of  t  lu'  referenc(>  oscillator  and,  for  illustration,  frequency  and  amplitude 
noise  h;iv('  been  ignori'd.  .Assuming  that  the  reference  oscillator  drives  the  mi.xer  nonlinear  port 
and  that  the  refermice  oscillator  and  test  oscillator  output  frequencies  are  equal  and  in  quadrature, 
then  the  iidierent  d()wnconverter  output  is  given  by 

,„{t)  =  [f/„,(.U)A'...-lo][<I>(/)  +  0(O].  (M) 

iieah'cting  all  but  the  first-order  dilU'rence  term. 

1  (piation  1  1  implies  that  the  significance  of  reference  oscillator  noise  depends  on  its  power  relative 
to  the  tf'si  os(  illafor  noise.  Reference  oscillator  noise  relative  to  reference  oscillator  carrier  pow'er 
i-  ho,  important  due  to  the  nonliitear  operat  on  of  the  mixer  which  causes  test  set  gain  to  be 
reh.tivc'lv  imleiumdent  of  reference  oscillator  <arrier  power.  Reference  oscillator  noise  is  summed 
wifli  t[ie  test  Oscillator  noise  to  produce  voltage  flucttiations  at  the  coherent  downconverter  output, 
file  degree  to  which  out[mt  voltagi'  flucttiations  increase  as  a  function  of  reference  oscillator  noise 
power  relative  to  test  oscillator  noise  power  is  given  in  Table  1.  As  the  table  indicates,  reference 
o,iillafor  phase  noise  becomes  significant  when  its  power  is  greater  than  approximately  -10  dB 
re|ati\e  to  lest  oscillator  phase  noise  power.  Foi  these  reasons,  the  effects  of  reference  oscillator 
(thase  noise  ,ue  minimized  when  the  mixer  UO  nonlinear  port  is  driven  with  the  reference  oscillator 
outpiit  at  as  low  a  level  as  [tossible  to  ensure  on/off  switching  of  the  mixer  diodes  and  the  mixer 
linear  port  is  driven  with  the  test  oscillator  output  at  as  high  a  level  as  high  as  possible  without 
nearing  the  breakdown  region  of  the  mixer  diodes. 

Note  t  hat  this  .ipproach  cont  radicts  the  normal  procedure  of  driving  the  LO  port  as  hard  as  possible 
and  the  HI  port  as  low  as  possibde  to  get  minimum  intermodulation  products  (see  references  1, 
■|,  and  bl.  1  he  actual  'limal  drive  levels  will  be  a  compromise  between  the  reqtiirements  for 
minimizitig  rehui-nce  oscillator  noise  and  for  minimizing  intermodulation  products.  These  levels 
will  depend  on  the  noisf'  contributions  of  the  mixer/low  pass  filter,  the  test  oscillator,  and  the 
l  eleri'iit "  osi  iliator.  Note  w  hen  testing  units  with  a  range  of  output  amplitudes,  low  noise,  variable- 
gain  amplifiers  imiy  bt'  employed  to  optimize  mixer  drive  levels  to  achieve  the  best  overall  system 

perlormance. 
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To  this  point,  it  has  been  assumed  that  either  the  LO  nonlinear  port  of  the  double-balanced  mixer 
is  driven  with  the  reference  oscillator  output  or  that  the  reference  oscillator  and  test  oscillator 
output  amplitudes  are  equal.  The  first  is  generally  a  good  practice  because  noise  and  spurious 
outputs  measurements  made  on  a  test  oscillator  are  most  meaningful  to  system  designers  when 
they  are  expressed  relative  to  test  oscillator  carrier  power.  As  mentioned  previously,  to  convert 
voltage-relative  measurements  (in  units  of  dBV)  to  carrier  power-relative  measurements  (in  units 
of  dBc)  the  carrier  power  at  the  output  of  the  coherent  downconverter  must  be  determined.  The 
gain  of  the  coherent  downconverter  is  a  measure  of  test  oscillator  carrier  power  only  when  the  test 
oscillator  drives  the  linear  port  of  the  mixer.  This  is  because  the  nonlinear  (LO)  port  of  the  mixer 
approximates  a  hard-limiter  when  it  is  driven  hard  to  minimize  unwanted  intermodulation  products. 
For  this  condition,  mixer  output  power  is  approximately  independent  of  nonlinear  port  drive  level. 
Thus,  if  the  test  oscillator  output  drives  the  mixer  nonlinear  port,  then  coherent  downconverter  gain 
becomes  a  measure  of  reference  oscillator  carrier  power.  In  this  case,  conversion  cf  measurements 
from  dBV/Hz  to  dBc/Hz  results  in  the  phase  noise  of  the  test  oscillator  being  expressed  relative 
to  reference  oscillator  carrier  power.  Therefore,  driving  the  mixer  nonlinear  port  with  the  test 
oscillator  output  will  result  in  measurement  errors  unless  the  reference  oscillator  carrier  power  is 
exactly  equal  to  the  test  oscillator  carrier  power,  or  unless  the  oscillator  power  levels  are  accurately 
measured  and  the  difference  is  taken  into  account.  Ensuring  such  a  condition  may  not  be  practical 
in  a  high  volume  production  environment  without  expensive  automated  testing  equipment  and 
development. 

Although  driving  the  mixer  nonlinear  port  with  the  test  oscillator  output  will  result  in  measure¬ 
ment  errors  when  the  amplitudes  of  the  test  and  reference  oscillator  differ  significantly.  •'  potential 
advantage  of  this  scheme  is  the  suppression  of  test  oscillator  amplitude  noise.  Amplitude  noise  and 
angle  noise  are  indistinguishable  at  the  coherent  downconverter  output.  If  the  amplitude  noise  of 
the  reference  oscillator  is  negligible,  then  driving  the  mixer  nonlinear  port  with  the  test  oscillator 
output  provides  a  means  of  isolating  test  oscillator  angle  noise  from  test  oscillator  amplitude  noise 
(see  references  1  and  5). 

Although  reference  oscillator  noise  is  typically  a  significant  error  source  in  the  measurement  of 
precision  oscillator  phase  noise,  its  effects  can  be  accounted  for  in  the  phase  noise  measurement  of 
a  test  oscillator  if  a  third  oscillator  is  available.  As  equation  14  indicates,  output  voltage  fluctuations 
at  the  coherent  downconverter  output  are  approximately  a  linear  function  of  the  sum  of  reference 
oscillator  and  test  oscillator  phase  m  i.se  fluctuations.  Therefore,  noise  measurements  made  on 
each  pair  of  three  oscillators  results  in  three  independent  linear  equations  which  can  be  solved  to 
determine  the  phase  noise  of  the  reference  oscillator  (keeping  in  mind  the  stochastic  nature  of  the 
signals).  Once  reference  oscillator  phase  noise  is  known,  it  can  be  subtracted  from  future  phase 
noise  measurements  of  test  oscillators.  This  technique  is  sometimes  referred  to  as  a  three-corner 
hat  measurement  [reference  1;  Wails,  et  a/.]. 

Low  Noise  Amplifier  Effects 

In  addition  to  reference  oscillator  noise,  low  noise  amplifier  noise  is  another  significant  noise  source 
with  regard  to  the  measurement  of  precision  oscillator  phase  noise.  The  noise  floor  of  the  coherent 
downconverter  system  is  a  function  of  reference  oscillator  noise,  mixer  conversion  loss  and  low  noise 
amplifier  noise.  Therefore,  careful  attention  should  be  given  to  the  design  or  selection  of  the  low 
noise  amplifier. 
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PLL  Tracking  Effects 


Servo  e’ectronics  ;rre  typically  employed  ii)  order  to  maintain  the  frequency  coherence  and  quadra¬ 
ture  phase  relationship  between  the  test  and  reference  oscillators  in  coherent  downconverter  sys¬ 
tems.  Phase-locked  loop  (PLL)  tracking  effects,  however,  produce  attenuation  of  test  oscillator 
noise  at  frequencies  significantly  below  the  natural  frequency  of  the  loop  and  can,  therefore,  result 
in  measurement  errors.  By  examination  of  the  block  diagram  in  Figure  lb,  the  closed-loop  tians- 
fer  function  from  the  coherent  downconverter  input  to  the  coherent  downconverter  output  can  be 
written: 


//(.s) 


<t> 


out 


m  (  ^  r  )  a  ^0 
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s^  +  s2(:Wn  +  W^' 


(15) 


where  U  ,1  =  y'{4/v\G',n(^lr)k'a-do/fisL’/)  C  =  RjC jWnl2.  The  term  Ky  is  the  modulation 
sensitivity  of  the  reference  oscillator  in  units  of  hertz  per  volt.  Equation  15  is  the  transfer  function 
of  a  damped  two-pole  high-pass  filter  with  a  pole  frequency  at  fF„.  From  equation  15  it  is  apparent 
that  at  frequencies  much  greater  than  l'F„,  phase  noise  fluctuations  are  amplified  and  at  frequencies 
much  below  Ifvi,  phase  noise  fluctuations  are  attenuated.  The  criteria  for  selection  of  the  PLL  filter 
is  covered  in  many  standard  texts  on  phase-locked  loops;  reference  5  also  includes  a  discussion. 

Figure  d  contains  plots  of  the  measured  spectral  density  of  an  Efratom  commercial  rubidium  fre¬ 
quency  standard  (mode!  FR.S-C).  Figure  3a  is  a  plot  of  spectral  noise  at  carrier  offset  frequencies 
ranging  from  0  Hz  to  5  Hz,  measured  using  PLLs  with  three  different  natural  frequencies.  The 
results  given  in  Figure  3a  clearly  demonstrate  the  effects  of  PLL  tracking  and  their  relation  to  loop 
natural  frequency.  Note  that  testing  at  low  offset  frequencies  with  a  fast  PLL  loop  can  lead  to 
significant  errors  in  phase  noise  readings;  over  18  dB  at  1  Hz  and  31  dB  at  0.5  Hz  for  the  measured 
FRS. 


Because  of  PLL  tracking  effects,  the  bandwidth  of  coherent  downconverter  loops  are  generally  very 
narrow  (i.e.,  IT,,  is  a  low  frequency).  Not  only  does  the  use  of  narrow  band  loops  minimize  the 
errors  associated  with  PLL  tracking  effects,  but  a  secondary  benefit  is  realized  in  that  the  noise 
contributions  of  the  loop  filter  are  minimized.  Again,  by  examination  of  the  block  diagram  in  Figure 
lb.  the  closed-loop  transfer  function  from  the  loop  filter  input  to  the  coherent  downconverter  output 
can  lie  written 


CnOUt  2CfT„  -1- 

c;„in  "  s2  +  s2ClTn  +  ' 


(16) 


E(]uation  16  is  a  single-pole  low  pass  filter  response  with  a  pole  frequency  at  Wn]-  Therefore,  the 
input  voltage  noi.se  as.sociated  with  the  loop  filter  is  attenuated  at  frequencies  greater  than  fT„. 

.\  disadvantage  of  narrow  band  servo  loops  is  that  they  acquire  very  slowly.  If  the  frequency  offset 
between  the  test  oscillator  and  the  reference  oscillator  is  large  compared  to  the  loop  bandwidth, 
accpiisition  may  require  hours.  This  problem  is  typically  overcome  by  incorporating  variable  band¬ 
width  capability  into  the  coherent  downconverter  servo  loop  design.  Acquisition  is  achieved  quickly 
with  a  wide  loop  bandwidth  and  measurements  are  made  in  a  narrow  band  mode.  Measurement 
systems  at  Efratom  have  successfully  employed  variable-bandwidth  phase-locked  loop  designs. 


System  Bandwidth  Limitations 

While  PF.L  effects  cause  low  frequency  noise  measurement  errors,  system  bandwidth  limitations 
result  in  the  attenuation  f)f  high  frequency  noi.se.  and  therefore,  produce  measurement  errors  at  high 
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frequency.  The  availability  of  wide  band,  low-noise  amplifiers  reduces  the  severity  of  this  problem, 
and  generally,  it  is  not  difficult  to  design  low  noise  measurement  systems  with  bandwidths  in  excess 
of  a  few  hundred  kilohertz.  For  example,  the  latest  measurement  systems  at  Efratom  typically 
exhibit  only  fractions  of  a  dB  of  amplitude  variation  to  frequencies  of  100  KHz,  as  shown  by  the  flat 
noise  floor  performance  to  100  KHz  in  Figures  2d,  3d,  and  4d.  The  phase  noise  measurement  system 
at  Efratom  uses  a  Hewlett  Packard  model  HP3561A  spectrum  analyzer,  which  has  a  ma.ximum 
frequency  span  of  100  KHz.  A  100  KHz  frequency  span  is  typical  of  fast-fourier  real  time  spectrum 
analyzers,  although  Tektronix  has  recently  introduced  a  200  KHz  model  (model  2642). 

The  usable  bandwidth  of  a  coherent  downconverter  system  can  be  extended  by  measuring  the  am¬ 
plitude  response  of  the  system  versus  frequency,  and  incorporating  frequency  dependent  calibration 
factors  into  the  equation  for  system  gain.  This  compensates  for  the  high  frequency  attenuation  im¬ 
posed  by  system  bandwidth  limitations.  The  amplitude  response  of  a  coherent  downconverter  can 
be  determined  using  two  synchronized  signal  generators  in  place  of  the  test  and  reference  oscillators. 

Frequency  Conversion  Effects 

Unlike  an  ideal  mixer,  a  double-balanced  mixer  produces  harmonic  intermodulation  products.  For 
this  reason,  spurious  outputs  which  are  far  from  the  test  osciDator  carrier,  and  are  outside  the 
measurement  bandwidth  of  the  coherent  downconverter,  can  be  translated  to  frequencies  which 
are  within  the  measurement  bandwidth  of  the  system.  Although  harmonic  intermodulation  prod¬ 
ucts  are  typically  many  decibels  below  the  desired  first-order  mixer  products,  high-order  spurious 
conversion  products  which  fall  within  the  system  bandwidth  are  indistinguishable  from  spurious 
outputs  which  are  close  to  the  carrier.  One  key  to  minimizing  these  effects  is  to  properly  terminate 
the  output  (IF)  port  of  the  mixer.  This  issue  is  discussed  in  detail  in  reference  4. 

Accurate  measurement  of  spurious  outputs  using  coherent  downconversion  requires  that  high  fre¬ 
quency  spurious  outputs  first  be  identified  and  measured  using  a  direct  spectrum  analyzer  tech¬ 
nique.  An  analysis  of  mixer  spurious  outputs,  which  takes  into  account  the  specified  harmonic 
intermodulation  performance  of  the  mixer,  can  then  be  performed  to  predict  the  location  and  level 
of  high-order  spurious  conversion  products.  However,  such  an  analysis  is  generally  not  practical  in 
a  large-scale  production  environment,  and  the  source  of  spurious  outputs  is  usually  of  little  concern 
as  long  as  they  are  within  specified  performance  limits. 

Frequency  conversion  effects  become  more  significant  when,  instead  of  a  sinusoid,  the  test  oscillator 
output  is  a  square  wave  which  is  rich  in  harmonic  content.  Harmonic  intermodulation  effects 
resulting  from  square  wave  inputs  can  be  minimized  by  inserting  low  pass  filters  between  square 
wave  oscillator  outputs  and  coherent  downconverter  inputs.  This  technique  was  utilized  in  the 
measurements  of  the  FRS-C  TTL-compatible  output  of  Figure  3. 

60-cycle  Interference  and  the  Use  of  Batteries 

Sixty-cycle  interference  and  its  harmonics  couple  onto  system  power  supplies  and  appear  in  the 
output  frequency  spectrum  of  the  coherent  downconverter.  Although  60-cycle  spurs  are  easily 
identified  according  to  frequency,  60-cycle  interference  can  camouflage  actual  spurious  outputs 
performance.  Through  careful  system  design,  60-cycle  interference  can  be  minimized,  however. 
Careful  attention  to  grounding  and  the  use  of  battery  supplies  can  virtually  eliminate  60-cycle 
interference  from  the  output  spectrum  of  the  coherent  downconverter. 

The  use  of  magnetic  shielding  around  the  .sensitive  front  end  of  the  downconverter  may  also  be 
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required,  along  with  shielding  the  control  voltage  to  the  reference  oscillator,  in  order  to  minimize 
60-cycle  interference.  The  use  of  separate  batteries  for  the  phase  noise  tester,  the  reference  voltage- 
controlled  oscillator,  and  the  test  oscillator  can  prevent  ground  loops  that  cause  unusual  spurious 
results. 

A  side  effect  of  using  batteries  is  that  performance  anomabes  may  occur  as  the  batteries  become 
deeply  discharged,  depending  on  the  sensitivity  of  the  measurement  system  to  supply  voltage  levels. 
Battery  voltage  monitors  and  associated  disconnect  relays  can  be  employed  to  prevent  this. 

FFT  Windowing  Effects 

Because  of  their  superior  frequency  resolution,  digital  spectrum  analyzers  are  generally  used  to 
measure  voltage  fluctuations  at  the  output  of  the  coherent  downconverter.  The  choice  of  the 
windowing  function  used  with  fast-fourier  transform  (FFT)-based  spectrum  analyzers,  however, 
can  affect  measurement  accuracy.  Phase  noise  measurements  are  most  accurately  made  using 
the  Hanning  windowing  function.  The  Hanning  window  has  a  narrow  passband  and  very  low 
sidebands,  providing  better  measurement  resolution  for  analyzing  broadband  signals  like  noise. 
Spurious  outputs  are  most  accurately  measured  using  a  flat  top  windowing  function.  Although 
the  flat  top  window  has  higher  sideband  energy,  its  broad  passband  makes  it  better  suited  for 
measurement  of  narrow  band,  deterministic  signals.  Errors  which  result  from  incorrect  window 
choice  are  typically  less  than  1  dB.  Reference  8  goes  into  more  detail  on  this  subject. 

Vibration  Effects 

Precision  oscillators  are  frequently  designed  using  quartz  crystal  resonators  to  achieve  superior 
phase  noise  and  short-term  frequency  stabiUty  performance.  The  phase  noise  of  crystal  oscillators 
is  affected  by  vibration,  however.  The  “G  sensitivity”  of  a  precision  crystal  is  typically  on  the 
order  of  parts  in  10"'°[d// /]/G  to  parts  in  10"®[d// /]/G;  this  translates  into  phase  noise  and  spurs 
by  well  established  formulas.  The  Efratom  “Time  and  Frequency  Handbook”  of  reference  13  goes 
into  this  and  other  related  subjects  in  more  detail.  References  11,  14,  15,  and  16  present  a  broad 
overview  of  vibration  and  other  effects  on  phase  noise. 

Because  of  vibration  sensitivities,  it  is  important  to  shield  and  dampen  both  the  reference  oscillator 
and  the  test  oscillator  from  shock  and  vibration  in  order  to  obtain  accurate  quiescent  phase  noise 
readings.  Otherwise,  the  ambient  vibration  levels  of  the  test  building  or  test  table  can  increase  the 
apparent  phase  noise  floor  of  the  oscillator. 

In  addition,  the  capacitance  of  the  coaxial  cable  often  changes  with  vibration.  This  can  again  result 
in  an  apparently  degraded  phase  noise  floor  performance  of  a  test  oscillator  due  to  the  cable-induced 
loading  effects  related  to  ambient  vibration  levels. 

When  it  is  necessary  to  measure  the  vibration  performance  of  an  oscillator,  a  number  of  factors 
must  be  considered.  Mechanical  resonances  in  the  fixture  holding  the  test  oscillator  to  the  shaker 
can  give  errors,  as  can  the  type  of  coaxial  cable  used  to  connect  the  test  oscillator  to  the  phase  noise 
tester.  Electromagnetic  interference  (EMI)  induced  from  the  shaker  head  and  the  controller  can 
also  result  in  measurement  errors,  often  requiring  either  shielding  or  separation  of  the  measurement 
equipment  from  the  shaker. 
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Miscellaneous  Error  Sources 


A  number  of  additional  error  sources  may  be  encountered  in  the  measurement  of  precision  os¬ 
cillator  phase  noise  and  spurious  outputs.  Although  not  exhaustive,  these  error  sources  include: 
poor  grounding  and  intermittent  grounding;  inadvertent  conversion  of  deterministic  signal  power 
measurements  from  dBV  to  dBc/Hz;  injection  locking  of  the  test  and  reference  oscillators  due  to  in¬ 
adequate  EMI  shielding;  magnetic  and  electrostatic  susceptibility  and  emissions  of  the  test  oscillator 
and/or  reference  oscillator;  and  failure  to  account  for  cable  losses  in  high  frequency  measurements. 


TEST  DATA 

Phase  noise  test  performance  was  measured  for  two  Efratom  rubidium  oscillator  products  for  this 
paper.  Rubidium  oscillators  frequency  lock  a  voltage-controlled  crystal  oscillator  to  the  long-term 
stability  of  the  hyperfine  atomic  energy  state  transitions  of  the  Rb®^  atom.  They  are  utilized  lo 
provide  excellent  long  term  fiequency  stability  (on  the  order  of  parts  in  10' V™onth  with  excellent 
phase  noise  and  spurious  outputs  performances. 

The  pha.se  noise  behavior  expected  from  crystal  oscillators  is  described  in  reference  7.  The  presence 
of  a  rubidium  control  loop  will  modify  the  ideal  oscillator  behavior  in  a  number  of  ways  depending 
on  the  relative  phase  noise  of  the  rubidium  physics  package  and  the  crystal  oscillator.  The  rubidium 
loop  crossover  frequency  controls  the  hand-off  between  the  two;  an  improvement  in  phase  noise  or  a 
lower  slope  below  this  frequency  implies  a  good  physics  package  phase  noise  relative  to  the  crystal 
oscillator  used. 

The  first  unit  evaluated  was  a  model  FRS-C;  a  stock,  economical,  commercial  10  MHz  TTL- 
compatible  rubidium  oscillator.  The  FRS-C  is  specified  for  a  phase  noise  of  -110  dBc/Hz  at  100 
Hz  carrier  offset  and  -130  dBc/Hz  at  1000  Hz  offset.  Non-harmonic  spurious  outputs  are  specified 
at  -65  dBc.  The  second  unit  evaluated  was  a  stock,  commercial  10  MHz  sine  output  low  noise  unit 
(model  FRK-LN).  The  FRK-LN  is  specified  for  a  phase  noise  of  -120  dBc/Hz  at  a  10  Hz  carrier 
offset  and  -147  dBc/Hz  at  100  Hz  and  1000  Hz  offsets.  Non-harmonic  spurious  outputs  are  specified 
at  -70  dBc.  Although  units  with  better  phase  noise  performance  are  available  at  Efratom,  these 
two  products  are  representative. 

Test  data  for  the  FRS-C  is  given  in  Figure  3  and  for  the  FRK-LN  data  in  Figure  4.  The  phase  noise 
test  system  used  to  make  these  measurements  is  an  upgrade  to  that  formerly  used  at  Efratom,  and 
is  in  a  final  phase  of  development.  Because  the  development  of  the  system  is  not  yet  complete,  the 
final  grounding  and  shielding  configurations  were  not  implemented,  leaving  some  residual  problems 
in  the  spurious  outputs  performance  of  the  system. 

The  HP3561A  spectrum  analyzer,  used  to  make  the  measurements  which  are  displayed  in  Figures 
2  through  4,  was  configured  to  provide  for  automatic  conversion  from  noise  power  to  noise  spectral 
density.  Thus,  chart  readings  are  displayed  in  units  of  dBV/Hz.  The  coherent  downconverter 
gain  was  measured  to  be  roughly  30  dB  for  both  units,  including  the  necessary  correction  factors 
for  double- sideband  to  single-sideband  conversion  and  for  peak  to  RMS  conversion.  Therefore,  the 
chart  measurements  should  be  adjusted  by  -30  dB  to  give  phase  noise  performance  in  dBc/Hz.  Since 
spurious  outputs  must  be  expressed  in  terms  of  power  rather  than  spectral  density,  it  is  necessary 
to  convert  the  displayed  spurious  output  levels  from  units  of  dBV/Hz  to  units  of  dBV.  This  is 
done  by  adding  a  conversion  factor  equal  to  10!og(BW),  where  BW  is  the  re.solution  bandwidth  of 
the  measurement  displayed  at  the  bottom  of  each  graph.  Spurious  output  levels,  in  units  of  dBV, 
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should  then  be  adjusted  by  an  additional  -30  dB  to  give  spurious  outputs  performance  in  units  of 
dBc. 

Figure  3a  gives  three  plots  of  FRS-C  phase  noise  performance  within  5  Hz  of  the  carrier.  The 
different  PLL  natural  frequencies  are  clearly  shown  for  each  plot.  The  rubidium  servo  loop  crossover 
frequency  is  at  roughly  35  or  40  Hz  for  this  unit,  as  shown  by  the  spectral  leveling  which  occurs 
in  Figure  3b.  Spurious  outputs  at  the  modulation  frequency  of  the  rubidium  control  loop  are 
evident  in  Figure  3c;  the  127  Hz  rubidium  loop  modulation  spurious  output  is  roughly  -80  dBc, 
after  applying  a  correction  factor  of  -|-6  dBc  to  convert  from  spectral  density  to  power. 

The  noise  floor  of  this  unit  is  measured  to  be  roughly  -140  dBc,  as  shown  in  Figure  3d.  Two  plots 
have  been  superimposed  in  Figure  3d.  One  plot  drives  the  coherent  downconverter  directly  with  the 
scpiare  wave  output  of  the  test  oscillator.  In  the  second  plot,  the  test  oscillator  drives  the  coherent 
downconverter  through  a.  10.5  MHz  iow  pass  filter,  which  removes  harmonic  frequency  components. 
.Vote  the  addition  of  the  filter  changes  the  level  and  frequency  of  the  spurious  outputs,  indicating 
they  may  not  be  produced  directly  by  the  test  oscillator.  It  is  possible  these  spurious  outputs 
are  related  to  grounding  and/or  shielding  effects;  this  will  be  verified  with  the  final  version  of  the 
Efratom  phase  noise  tester  being  developed.  Although  the  source  of  these  relatively  high-frequency 
spurious  outputs  is  r.ot  known,  the  largest  shown  in  Figure  3d  occurs  at  an  offset  frequency  of  about 
TS  KHz.  Its  level,  using  the  output  low  pass  filter,  is  -98  dBc  after  applying  a  correction  factor  of  + 
26  dBc  to  convert  from  spectral  density  to  power.  This  is  well  below  the  -65  dBc  spurious  outputs 
specification  of  the  unit. 

Figure  4  gives  similar  performance  curves  for  the  model  FRK-LN,  10  MHz  unit.  The  rubidium 
servo  loop  crossover  frequency  occurs  at  about  2  Hz,  as  indicated  by  the  spectral  leveling  shown 
in  Figure  4a.  Figure  4b  gives  phase  noise  performance  to  a  carrier  offset  frequency  of  100  Hz, 
while  Figure  4c  gives  performance  to  an  offset  frequency  of  1000  Hz.  A  spurious  output  at  the 
modulation  frecpiency  of  the  rubidium  control  loop  is  shown  in  Figure  4c;  the  level  of  the  127  Hz 
spurious  output  is  roughly  -1 17  dBc,  after  correcting  for  carrier  power  and  converting  from  spectral 
density  to  power.  Figure  4d  gives  phase  noise  performance  to  an  offset  frequency  of  100  KHz;  the 
noise  floor  is  shown  to  be  roughly  -157  dBc/Hz.  Note  that  the  noise  floor  is  flat  to  the  100  KHz 
range  of  the  spectrum  analyzer. 

CONCLUSION 

4'he  limitations  imposed  by  practical  realizations  of  the  ideal  coherent  downconverter  result  in  error 
sources  which  can  result  in  inacciiracies  in  the  measurement  of  precision  oscillator  phase  noise  and 
spurious  outputs.  Phase-locked  loop  tracking  effects,  system  bandwidth  limitations,  and  system 
noise  can  be  significant  sources  of  error.  Most  significant  sources  of  error,  however,  can  be  elimi¬ 
nated  and/or  controlled  through  careful  system  design  and  calibration.  The  measurement  system 
developed  at  Efratom  has  attempted  to  strike  a  balance  between  overall  accuracy  and  volume  test¬ 
ing  in  a  production  environment;  the  accuracy  and  repeatability  for  the  production  measurements 
performed  at  Efratom  are  on  the  order  of  1  to  3  dB  with  an  upgraded  test  measurement  system 
and  upgraded  test  procedure. 
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Table  I.  Increase  in  Measured  Noise  Versus  Reference  Oscillator 
Noise  Relative  to  Test  Oscillator  Noise 


Relative  Amplitude 

Increase  in 

of  Ref  Osc  Phase 

Voltage  Fluctuations 

Noise  to  Test  Osc 

at  Coherent 

Phase  Noise 

Downconverter  Output 

-20  dB 

0.04  dB 

-10  dB 

0.42  dB 

-6dB 

0.97  dB 

-3dB 

1.76  dB 

-2dB 

2.12  dB 

-  1  dB 

2.54  dB 

OdB 

3.01  dB 

1  dB 

3.54  dB 

2dB 

4.12  dB 

+3  dB 

4.77  dB 

+6dB 

6.99  dB 
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Figure  1o:  Ideal  Coherent  Downconverter 
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Figure  1b;  Practical  Implementation  of  Ideal 
Coherent  Downconverter 
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Figure  4.  10  MHz  FRK-LN  Phase  Noise  Measurement 
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Abstract 

Measuring  the  performance  of  ultra  stable  frequency  standards  such  as  the  Supeiconducting  Cavity 
Maser  Oscillator  (SCMO)  will  necessitate  improvement  of  some  test  instrumentation.  The  frequeruy  sta¬ 
bility  test  equipment  used  atJPL  itwludes  a  I  Hz  Offset  Generator  to  generate  a  beat  frequency  between 
a  pair  of  100  MHz  sigtmls  that  are  being  compared.  The  noise  floor  of  the  measurement  system  using 
the  current  Offset  Generator  (1.7  X  /O”’”’  at  I  second  tau  ami  6.2  X  10~^^  at  1000  seconds),  is  ade¬ 
quate  to  characterize  stability  of  hydrogen  masers,  but  will  not  be  for  the  SCMO.  A  new  Offset  Generator 
with  improved  stability  has  been  designed  and  tested  at  JPL.  With  this  Offset  Generator,  and  a  new  Zero 
Crossing  Detector  recently  developed  at  JPL,  the  measurement  floor  has  been  reduced  by  a  factor  of  5.5 
at  1  second  tau,  3.0  at  1000 seconds,  and  9.4  at  10000 seconds,  compared  against  the  previous  design.  In 
addition  to  the  new  circuit  designs  of  the  Offset  Generator  and  Zero  Crossing  Detector,  tighter  control  of 
the  measurement  equipment  environment  has  been  required  to  achieve  this  improvement.  The  design  of 
this  new  Offset  Generator  will  be  described,  along  with  details  of  the  environment  control  methods  used. 


INTRODUCTION 

Allan  Deviation  measurements  made  at  the  Jet  Propulsion  Laboratories  Frequency  Standards  Lab¬ 
oratory  require  an  offset  generator  to  test  some  types  of  equipment.  The  offset  generator  is  used, 
for  example,  to  test  a  frequency  source  when  neither  the  measurement  device  or  the  frequency 
reference  can  be  offset  to  obtain  a  I  Hz  beat  for  the  zero  crossing  detector  [1].  It  is  also  used  to 
test  2-port  devices.  A  single  100  MHz  reference  carrier  is  split  into  two  paths,  with  one  path  to 
the  zero  crossing  detector  containing  the  2-port  device  in  test,  and  the  other  path  containing  the 
offset  generator  to  develop  the  1  Hz  beat  signal  for  the  zero  crossing  detector.  Figure  1  shows  the 
instrumentation  used  to  perform  these  tests. 

'This  work  was  carried  out  at  the  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  under  a  contract 
with  the  National  Aeronautics  and  Space  Administration. 
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OFFSET  GENERATOR  DESIGN 


A  block  diagram  of  the  offset  generator  is  shown  in  Figure  2.  The  1  Hz  offset  is  generated  in  two 
steps,  using  divide  and  mix  direct  frequency  synthesis  to  first  develop  a  -10  Khz  offset  in  the 
input  stage,  then  a  +9.999  KHz  offset  in  the  output  stage.  The  input  stage  translates  the  input 
frequency  by  a  factor  of  1  — lO”"*,  and  the  output  stage  by  a  factor  of  1  +  10““*  so  that  F{out)  = 
F{in)  X  (1  —  10““*)  X  (1  +  10““*)  =  99.999999  MHz.  The  output  of  each  stage  is  taken  from  a 
phase  locked  crystal  VCO  acting  as  a  narrow  band  output  filter  to  minimize  the  spurious  frequency 
products  in  the  offset  generator  output. 


OFFSET  GENERATOR  PERFORMANCE 

Performance  of  the  present  day  offset  generator  is  adequate  to  measure  stability  of  frequency- 
standards  in  current  use  in  the  NASA/JPL  Deep  Space  Network.  Stability  of  the  offset  generator 
is  compared  against  a  hydrogen  maser  stability  in  Figure  3.  Future  requirements  for  the  Deep 
Space  Network  specify  tighter  frequency  stability  limits  than  these  present  frequency  standards 
can  supply  [2].  To  test  to  these  tighter  standards  in  the  future,  and  the  very  high  stability  fiber 
optic  reference  signal  transportation  links  in  current  use  by  the  Deep  Space  Network,  some  design 
changes  have  been  made  in  the  test  instrumentation.  A  recent  redesign  of  the  zero  crossing  detector 
has  improved  it’s  stability  [3].  At  the  same  time,  a  fiber  optic  interface  to  the  frequency  counter 
and  computer  has  been  added  to  eliminate  ground  loops,  and  reduce  crosstalk  between  channels  in 
the  measurement  system. 


OFFSET  GENERATOR  NOISE 

During  static  environmental  conditions,  the  primary  elements  that  establish  frequency  stability  of 
the  offset  generator  are  the  local  oscillator  VCO  and  PLL  elements,  and  the  frequency  dividers. 
.‘\t  frequencies  within  the  phase  lock  loop  bandwidth,  the  VCO  tracks  the  signaJ  in  test,  canceling 
VCO  phase  instability,  but  not  amplitude  instability.  AM  to  PM  noise  conversion  that  occurs  in  the 
zero  crossing  detector  mixer  [4], [5]  will  generate  an  additive  phase  instability  in  the  measurement 
system. 

The  measured  power  spectral  density  of  AM  and  PM  noise  of  the  100  MHz  VCO  are  plotted  in 
Figure  4a.  The  calculated  closed  loop  phase  noise  with  a  100  Hz  loop  bandwidth,  and  the  AM  to 
P.Vl  converted  noise  generated  in  a  mixer  with  a  -30  dB  AM  to  PM  conversion  coefficient  are  also 
shown  on  the  same  figure.  The  AM  to  PM  converted  noise  is  shown  to  predominate  over  closed 
loop  VCO  PM  noise  at  offset  frequencies  below  4  Hz.  Oscillator  AM  noise  therefore  appears  to  be 
a  major  factor  in  establishing  long  term  stability  of  the  offset  generator. 

1.  Oscillator  Redesign 

In  the  redesign,  the  original  oscillator  has  been  replaced  with  a  low  noise  5  MHz  BVA  crystal 
oscillator  followed  by  a  X20  frequency  multiplier.  The  plot  of  Figure  4b  shows  the  measured  and 
calculated  noise  performance  improvement  of  this  new  oscillator/multiplicr  tested  under  the  same 
conditions,  and  using  the  same  loop  bandwidth  as  for  Figure  4a.  At  1  Hz  offset  frequency,  AM 
noise  anfl  PM  noise  have  been  reduced  20  clB  and  40  dB  respectively,  below  the  original  oscillator. 
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The  oscillator/multiplier  for  the  output  frequency  conversion  is  offset  0.05  Hz  from  nominal  at  5 
MHz.  allowing  use  of  an  available,  production  5  MHz  VCO.  The  input  frequency  conversion  requires 
a  500  Hz  offset  at  5  MHz,  well  beyond  the  pulling  range  of  any  available  high  precision  5  MHz 
VCO. 


2.  Single  Sideband  Mixer 

To  avoid  a  custom  design  for  the  input  converter  VCO,  a  single  sideband  mixer  is  used  to  suppress 
the  input  carrier  in  place  of  using  a  phase  locked  VCO.  The  unwanted  sideband  and  input  carrier 
are  attenuated  more  than  45  dB  bMow  the  output  by  adjusting  amplitude  and  phase  balance  of  the 
low  frequency  input  to  the  mixers.  The  phase  lock  loop  of  the  output  conversion  section  further 
attenuates  these  unwanted  frequency  components  to  more  than  1 10  dB  below  the  output  carrier  of 
the  offset  generator.  Figure  5  shows  the  basic  design  of  the  single  sideband  mixer. 

3.  Frequency  Dividers 

The  frequency  dividers  are  of  conventional  design,  using  an  ECL  divide-by  40  for  the  first  divider, 
followed  by  HC74  series  TTL  dividers  for  the  remaining  lower  frequency  division  of  250. 


4.  Environmental  controls 

.\t  long  measurement  times  where  the  stability  approaches  parts  in  10“'®,  the  offset  generator  is 
affected  by  temperature  variations,  vibration,  and  relative  humidity  that  can  mask  any  improve¬ 
ments  made  in  the  electronics.  The  offset  generator  and  zero  crossing  detector  are  both  installed 
in  a  thermoelectric  temperature  controlled  encksure  to  reduce  this  sensitivity.  The  temperature 
control  is  set  at  25  Celsius,  and  a  thermal  gain  of  20  has  been  realized.  The  electronics  are  on  a 
1/2  inch  thick  aluminum  coldplnte  coupled  to  the  thermoelectric  elements  for  heat  transfer.  The 
large  ma.ss  of  the  coldplate  serves  also  to  reduce  the  mechanical  resonant  frequency  of  the  assembly, 
which  reduces  sensitivity  to  shock  and  vibration.  Further  investigation  is  required  to  determine  the 
best  approach  to  reduce  .sensitivity  to  humidity. 


5.  Test  Results 

.-\llan  Deviation  of  the  original,  and  the  revised  designs  of  offset  generator  and  zero  crossing  de¬ 
tector  are  compared  in  Figure  6.  The  new  offset  generator  and  zero  crossing  detector  reduces  the 
measurement  noise  floor  by  a  factor  of  5.5  at  a  tau  of  1  second,  3.0  at  1000  seconds,  and  9.4  at 
10000  seconds. 

CONCLUSIONS 

Imprrwements  have  been  made  in  the  measurement  floor  of  the  Allan  Deviation  test  equipment  by 
replacing  the  crystal  VVOs  used  in  the  offset  generator  with  a  lower  noise  5  MHz  crystal  VCO  and 
X20  frequency  multiplier  for  one  stage  of  the  offset  generator,  and  a  single  sideband  mixer  in  place 
of  a  phase  locked  VCO  to  reduce  spurious  outputs  in  the  other  stage.  Adding  a  thermoelectric 
temperature  controller  to  the  electronics  has  further  improved  stability  by  reducing  temperature 
variations  of  the  eledronirs  by  a  factor  of  20. 
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Abstract 

This  paper  describes  the  deGnition  of  pulse  modulated  carrier  frequency 
stability  and  timing  jitter  as  well  as  the  conGguration  and  synchronous  acquisition 
measurement  method  of  its  measurement  system. 

Frequency  stability  of  pulse  modulated  carrier  is  measured  with  discrimination 
technique.  The  pulse  modulated  carrier  under  test  is  mixed  with  a  reference  frequency 
synthesizer.  A  delay  line  is  used  to  convert  the  friequency  Guctuation  mixed  IF  signal 
to  the  voltage  Guctuation.  The  system  has  the  capability  to  make  the  phase  noise 
measurement  of  two  port  devices  on  pulsed  carrier  using  phase  bridge. 

The  noise  voltage  mentioned  above  is  applied  to  the  data  acquisition  and 
processing  unit  by  pc  to  realize  stability  measurement.  The  data  acquisition  is  in  the 
form  of  pulse  synchronization  so  that  the  measurement  system  accuracy  is  increased. 

The  pulse  width  is  more  than  0.3  |is.  The  phase  Guctuation  variance  a  is  less  than  0.017. 

The  time  interval  measuring  system  with  high  resolution  is  used  to  make 
interpulse  timing  and  pulse  width  Jitters  automatic  measurement.  The  pulse  width  is 
less  than  0.2  ns.  The  resolution  is  0.1  ns.  The  system  is  successfully  applied  to  radar 
measurement. 

INTRODUCTION 

The  frequency  stability  is  one  of  the  important  qualifications  of  signal  source. 

Characterization  and  measurement  of  CW  frequency  stability  already  have  been  matured  and  united. 
But  there  is  still  no  unanimity  in  characterization  of  the  carrier  frequency  stability  on  pulsed  wave  for  the  time 
being.  An  application  of  pulse  wave  to  the  radar  on  the  other  hand  is  urgently  needed. 

The  duty  cycle  of  pulse  modulated  wave  is  smaller  in  general.  The  signal  frequency  spectrum  is  more 
complex.  This  causes  difficulty  on  characterization  and  measurement. 

The  CW  method  has  been  used  to  measure  pulse  modulated  carrier  frequency  stability. 
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Measurement  and  characterization  of  pulse  modulated  carrier  frequency  stability  using  this  method 
can  cause  the  following  problems.  At  first,  the  general  pulse  repeat  frequency  rate  is  lower.  The  RF  pulse 
sideband  spectrum  line  is  a  lot  and  dense.  Pulse  noise  sophistication  resulting  from  these  factors  stated  above 

f 

makes  Fourier  band  noise  be  band  is  -e-  . 

2 

Because  of  the  same  cases,  Allan  variance  does  not  fit  to  characterize  frequency  stability  in  time 
domain. 

The  other  question  is  to  acquire  very  small  video  frequency  impulse  train  of  duty  cycle.  By  CW 
acquisition,  forming  a  lot  of  acquired  data  is  useless. 

The  acquired  data  in  the  pulse  width  only  is  useful,  and  acquisition  can  also  leak.  The  smaller  the  duty 
cycle,  the  greater  the  leakage  rate.  The  confidence  of  measured  results  is  degraded. 

It  is  only  adapted  to  measurement  under  the  condition  of  higher  duty  cycle.  The  duty  cycle  required 
in  general  is  larger  than  5%  (to  test  source),  (to  test  dual-port  devices)  [6]. 

Using  the  synchronization  data  acquisition  technique  proposed  in  this  paper,  we  have  solved  the 
measurement  problem  of  lower  duty  cycle. 

This  system  has  the  capability  to  make  frequency  stability  measurement  of  dual-port  device  on  pulse 
modulated  carrier.  The  microwave  mixed  IF  discrimination  technique  is  used  to  test  pulse  modulated  carrier 
frequency  stability. 

Measurement  of  interpulse  timing  jitter  is  accomplished  with  analog  interpolation  and  precision  time 
measurement  technique. 

I.  CHARACTERIZATION  FOR  FREQUENCY  STABILITY  ON  PULSE 
MODULATED  CARRIER 

To  measure  pulse  modulated  carrier  frequency  stability  may  use  for  reference  of  CW  characterization  and 
measurement  method  in  principle. 

Our  proposed  methods  are:  to  characterize  frequency  stability  in  time  domain  using  interpulse 
variance,  and  to  characterize  phase  noise  sophistication  efforts  according  to  difference  and  practical  necessary 
requirement  between  CW  band  pulse  modulated  wave. 

1.  Characterization  of  Pulse  Modulated  Carrier  Frequency  Stability  in  Time  Domain 

Change  in  the  statistical  rate  of  pulse  modulated  carrier  series  adjacent  in  pulse  modulated  canier  described 
by  interpulse  variance  may  be  written  as: 

o2=  <(Fi_F2)2>  (1) 
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When  we  determined  with  the  measurement  system  in  Figure  1,  A/D  converter  output  is  a  form  of 
pulse  repeat  frequency  at  a  rate  as  a  separate  digital  time  series,  can  be  written  as 

crXN.T.t)  =  t  im  -  m  - 1  )]*  (2) 

In  1  i*  I 


Where  T  = 

Pulse  period 

X  = 

Pulse  width 

N 

Measurement  number  of  each  group 

fA(i)  = 

Average  value  of  frequency  fluctuation  is  1th  pulse. 

2.  Characterization  of  Pulse  Modulated  Carrier  Frequency  Stability  in  Frequency  Domain 


Assume, 

unmodulated  carrier 

f,(t)  =  AcosoJ,  t 

(3) 

pulsed  waveform 

T 

„  sinncUp  — 

nco^Y 

(4) 

pulse  modulated  signal 

f,(t)  =  f.(t)xf:(t) 

(5) 

fj(t)  =  A  ~  cosojct  +  A' 

t 

«  sin%  — 

~  ^  (cosK+ncu,)t  +  cos(c»e-n%)t] 

T  nco  — 

P  2 

(6) 

the  spectrum  corresponding  with  equation  (6)  is  shown  in  Figure  5. 

The  corresponding  spectral  density  of  phase  fluctuation  may  be  expressed  as 

»  sinn%^ 

S,(0  =  A—  S.(0  +  A^  I - ^  [S,(f+ng  +  S,(f-nf,))  (7) 

T  T  ...  _r 

'  2 

When  ignoring  the  effect  of  the  sample  function,  the  equation  (7)  may  be  simplified  as 

S,(0  =  A^  |;S,(f+ng  (8) 

1  •  •  CO 


the  influence  of  spectrum  superimpose  to  S,(0  is  calculated  to  S,(0  in  equation  (8) 

The  magnitude  of  the  superimposition  phase  noise  is  corresponding  with  the  following: 

(a)  When  x  is  fixed,  the  spectral  density  and  supimposition  of  phase  noise  are  increased  with  a 
decrease  of  fp. 
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(b)  When  tp  is  fixed,  the  superimposition  of  phase  noise  is  becoming  worse,  with  the  narrow  of  t. 

(c)  If  S,(0  is  composed  of  a  broken  line,  S,{0  will  become  the  level  line.  If  S,(0  is  a  monotone 
inaeasing  or  deaeasing  curve,  S,(0  is  level  line  approximately.  [5] 

II.  SYSTEM  CONSTRUCTION  AND  OPERATION  PRINCIPLE 

1 .  Additive  Phase  Noise  Measurement 

The  measurement  of  pulse  modulated  Carrier  phase  fluctuation  can  be  realized  by  using  the 
measurement  principle  of  microwave  phase  bridge  shown  in  Figure  1.  The  CW  signal  is  divided  into  two 
path  signals  through  a  power  splitter.  The  signals  form  a  pulse  modulated  carrier  wave  throughout  the  PIN 
modulator,  respectively. 

One  of  them  passed  device  under  test  is  applied  to  RF  port  of  the  phase  detector;  another  passed  the 
phase  shifter  is  applied  to  the  LO  port  of  the  phase  detector. 

We  can  make  a  dual-channel  signal  to  quadrature  by  means  of  adjusting  the  phase  shifter.  When  the 
electronic  length  of  two  path  signals  is  equal,  the  phase  noise  of  the  source  is  cancelled,  because  of  the 
correlation  act  while  the  OUT  phase  noise  is  detected. 

When  the  phase  detector  shown  in  Figure  1  is  in  quadrature,  the  output  voltage  of  the  phase  detector 

AV(t)  =  K.sincu^(t)  (9) 

When  1  rad, 

AV(t)  =  K,  AcDCt)  (10) 

where  K,  =  sensitivity  of  phase  detection. 

Thus,  phase  fluctuation  under  test  of  device  is  converted  to  voltage  fluctuation  AV  (t).  In  measurement  of 
phase  Ouctualion  A<I>(t)  in  time  domain, 

RF  pulse  series,  interpulse  variance  op  is  given  by  data  acquisition  system  as  in  Figure  4,  and  we  can 
get  S,(0  or  £  '(0  through  FFT. 

The  common  source  having  lower  phase  noise  is  required  in  order  to  assure  the  measurement  of  the 
system  having  low  phase  noise  bottom,  at  the  same  time  the  correlation  of  the  measurement  system  is  required 
in  order  to  reduce  the  contribution  of  common  source  to  output  noise. 

2.  Interpulse  Frequency  Fluctuation  Measurement 

The  measurement  principle  of  interpulse  frequency  fluctuation  is  shown  in  Figure  2.  Operation 
models  of  the  system  are  single  -  channel  and  dual  channel. 

At  first,  IF  is  mixed  up  microwave  signal.  When  using  operation  model  of  dual-channel,  we  can  use 
IF  quadrature  dual-channel  discrimination  frequency  system  with  a  delayer  as  the  frequency  discriminator 
to  measure  pulsed  carrier  frequency  tluctuation.  It  is  fitted  in  with  the  source  (transmitter)  to  measure  large 
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frequency  fluctuation.  When  using  single  channel  operation  model,  the  two  path  signals  are  applied  to  Q 
phase  detector, 

VJt)  =  A,cos[cu,i  +  <p,  +  (p(t)]  (11) 

V,(t)  =  A,cosK(t  -  T.)  +  <I>(t  -  T,)]  (12) 

Where,  t,=  delay  time,  <I>|  =  shift  of  phase  shifter,  when  two  signals  phase  applied  to  phase 
detector  are  quadrature,  detector  output  is 

AV(t)=  ^  A,A^in(0(t)-<I>(t-r,)]  (13) 

average  frequency  fluctuation  in  (t,  t-xj) 

1  C'  <l>ftf  -  <l><'t  -  T  t 

Aco=  —  <l>'(t)dt= — — - - -  =Acu  =  27tAf  (14) 

Jt-t, 

when  A<D(t)  =  <l>(t)-®(t-T,)«  1  rad,  (14)  foumula  is  substituted  for  (13) 
we  can  get; 

AV(t)  =  K.  •2/tT,-Af=Kd  Af  (15) 

where  K^  =  2rcr|K«  as  frequency  discriminator  constant. 

3.  Data  Acquisition  and  Processing  Unit 

Figure  4  is  a  block  diagram  of  a  data  acquisition  and  processing  unit. 

The  output  signal  of  phase  fluctuation  A<I>  (infrequency  fluctuation  Af(T)  is  shown  in  Figure  1.  Figure 
2  is  converted  to  discrete  digital  signal  with  a  high  speed  A/D  converter. 

It  works  by  a  pulse  controlled  under  test.  In  interpuisc,  high  speed  acquisition  is  carried  to  receive 
u.seful  information. 

The  disadvantage  of  continuous  sample  is  overcome.  The  system  is  controlled  by  a  computer  through 
STD  bus. 

4.  Time  Fluctuation  Measurement 

The  measurement  of  pulse  width  and  timing  jitter  is  accomplished  by  a  counting  unit  with  the  analog 
interpolation  under  computer-control.  The  system  has  high  accuracry  and  resolution.  The  measurement 
principle  is  shown  in  Figure  3. 

HI.  MEASUREMENT  RESULTS 

The  pulse  width  of  system  measurement  can  be  narrowed  down  to  ().3iis,  interpulse  phase  fluctuation 
variance  value  <t  is  less  than  0.01 7.  Frequency  fluctuation  a  is  less  than  50  Hz,  timing  jitter  variance  is  less 
than  0.2  ns,  the  resolution  is  0.1  ns.  This  system  has  an  application  in  measurement  of  radar  transmitting. 
The  measured  pattern  is  shown  in  Figure  6  and  Figure  7. 
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Fig.8  Flow  chart  of  program 
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Abstract 

It  has  been  shown  in  previous  studies  that  in  some  cesium  frequency  standards  there  exist  certain 
C-field  settings  that  minimize  frequency  changes  that  are  due  to  variations  in  microwave  power.  In  order 
to  determine  whether  similar  results  could  be  obtained  with  rubidium  (Rb)  frequency  standards  (clocks), 
we  performed  a  similar  study,  using  a  completely  automated  measurement  system,  on  a  commercial  Rb 
standard.  From  our  measurements  we  found  that  changing  the  microwave  power  to  the  filter  cell  resulted 
in  significant  changes  in  frequency,  and  that  the  magnitude  of these frequency  changes  at  low  C-field  levels 
went  to  zero  and  decreased  as  the  C-field  was  increased. 


Introduction 

Since  the  passive  Rb87  gas-cell  frequency  standard  (or  clock)  is  the  most  commonly  used  type  of 
atomic  frequency  standard,  there  is  interest  in  quantifying  and  understanding  all  the  factors  that 
affect  the  stability  of  the  standard’s  output  frequency.  Earlier  work  by  Risley  [1,2]  identified  the 
mechanisms  whereby  changes  in  microwave  power  cause  changes  in  frequency.  Risley  concluded 
that  the  major  cause  of  this  frequency  shift  was  the  line  inhomogeneity,  which  is  a  combination  of 
the  relatively  immobile  Rb87  atoms  (immobilized  by  the  use  of  the  buffer  gas  in  the  absorption  cell) 
and  a  frequency  gradient  across  the  absorption  cell;  this  frequency  gradient  is  in  turn  affected  by  the 
light-shift  mechanism  and  the  C-field.  The  Rb  line  inhomogeneity  results  in  a  frequency  dependence 
upon  changes  in  microwave  power.  The  frequency  changes  that  we  measure  will  also  include  any 
small  cavity-tuning  effects  that  might  be  present  as  a  result  of  any  slight  cavity  mistiming. 
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Measurements 

The  C-field  experiment  was  performed  in  our  laboratory  on  a  commercial  double-cell  Rb  frequency 
standard.  This  standard  was  modified  to  allow  access  to  the  C-field  coil  wires  and  the  microwave 
power  source.  Figure  1  is  a  block  diagram  of  the  complete  automated  measurement  system.  Both  of 
the  parameters  that  are  varied,  namely  the  C-field  current  and  the  microwave  power,  are  computer 
controlled;  the  current  is  set  by  a  precision  constant-current  generator,  while  the  microwave  power 
is  ch.'rged  bv  using  an  electronic  switch  to  change  the  resistance  of  a  bias  resistor  on  the  step 
recovery  diode.  The  bias  resistors  were  chosen  to  change  the  microwave  power  by  +1.3,  -1.1,  -2.2, 
and  -4.0  dB  with  reference  to  the  nominal,  factory-set  power  level  Pq.  The  6.834-GHz  microwave 
power  to  the  cell  was  sampled  by  coupling  with  a  two-turn  coil  on  the  6.834-GHz  coaxial  signal  line. 
The  bias  resistors  were  chosen  by  using  a  Hewlett-Packard  (H-P)  model  8566  spectrum  analyzer  to 
observe  the  change  in  microwave  power  on  this  coupled  signal. 

The  entire  measurement  system  is  controlled  by  an  H-P  series  300  computer,  which  also  acquires 
and  proces.ses  the  data.  Figure  2  is  a  block  diagram  of  the  frequency  measurement  system.  The 
frequency  reference  for  both  the  Fluke  synthesizer  and  the  H-P  counter  is  an  H-P  model  5061A-004 
cesium  (Cs)  frequency  standard.  A  typical  data-taking  sequence  consisted  of  the  following  steps: 

1.  Set  the  C-field  current  at  some  low  value  (typically  2  to  6  mA)  and  the  microwave  power  at 
some  value  (e.g.  at  the  nominal  value  Pq)- 

2.  Measure  the  beat  frequency  over  some  long  averaging  time  T  (typically  1000  sec). 

3.  Change  the  microwave  power  level  [e.g.  to  (Pq  -  1.1  dB)]. 

4.  Measure  the  beat  frequency  over  T  again. 

5.  Increase  the  C-field  current  by  some  programmed  amount  (typically  0.5  mA). 

6.  Measure  the  beat  frequency  over  T  again. 

7.  Change  the  microwave  power  back  to  the  initial  value. 

8.  Repeat  steps  2  through  7  until  the  final  C-field  current  (typically  14  to  20  mA)  is  reached. 

To  determine  the  functional  relationship  between  the  C-field  current  and  the  Zeeman  frequency,  the 
microwave  frequency  is  swept  over  approximately  1  MHz,  centered  about  the  main  Rb  resonance 
line.  The  output  of  the  standard’s  dc-coupled  current-to-voltage  converter  is  then  plotted  as  a 
function  of  frequency.  Figure  3,  for  a  C-field  current  of  4.5  mA,  is  a  typical  plot.  This  plot  shows 
the  main  Rb  transition  state,  as  well  as  the  four  sigma  transitions  and  the  two  pi  transitions  (the 
pi  transitions  are  u.sed  to  define  the  Zeeman  frequency  f^).  We  should  note  that  the  0-to-39.53-mV 
ordinate  in  Figure  3  rides  on  top  of  a  ~5  V  bias,  which  we  buck  out  with  a  precision  low-noise 
floating  voltage  source.  The  Zeeman  frequency  is  read  from  the  plot  in  Figure  3.  The  measurement 
is  then  repeated  for  different  C-field  currents.  For  this  particular  standard,  the  Zeeman  frequency 
is  about  42.5  kHz  per  mA  of  C-field  current. 

Figure  4  is  a  plot  of  the  signal  at  the  absorption  peak  as  a  function  of  microwave  power.  The  data, 
which  are  similar  to  those  obtained  by  Risley  [1],  demonstrate  that  the  manufacturer’s  drive-level 
power  Po  results  in  a  maximum  signal. 
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Measurement  Results 


Figure  5  shows  the  results  of  measurements  made  on  the  commercial  Rb  standard  for  changes  in 
the  microwave  power  level  of  +1.3,  -1.1,  -2.2.  and  -4.0  dB.  Each  data  point,  which  represents  the 
difference  between  two  1000-sec  averages,  is  calculated  as  the  difference  in  output  frequency  between 
the  frequency  at  the  higher  power  and  that  at  the  lower  power,  both  powers  being  normalized  to 
the  nominal  output.  In  other  words, 

ordinate  =  (///  —  /z,)/10  IvIIIz 

where  //r  is  the  average  output  frequency  for  the  higher  microwave  power  and  fi  is  the  average 
output  frequency  for  the  lower  microwave  power.  From  Figure  5  we  see  that  the  maximum  frequency 
change  for  the  +  1 .3  and  -1.1  dB  data  is  about  3x  10~*^,  that  for  the  -2.2  dB  data  is  about  6x10“^*, 
and  that  for  the  -4.0  dB  data  is  about  1.4x10“’^.  As  a  function  of  the  change  in  microwave  power, 
the  maximum  frequency  change  is  about  2.6x10“* V^B. 

The  three  curves  have  a  similar  shape,  namely  one  that  is  fairly  flat  for  Zeeman  frequencies  between 
100  and  300  kHz,  then  decreasing  monotonically  for  Zeeman  frequencies  between  300  and  850  kHz. 
In  separate  tests,  data  were  obtained  for  the  region  of  low  Zeeman  frequency.  Figure  6  shows  the 
results  of  those  tests  for  the  same  microwave  power  changes  as  in  Figure  5.  From  the  curves  in 
Figure  6  it  is  seen  that  there  are  zero  crossings  at  about  20  and  80  kHz.  The  operation  of  the  clock 
at  one  of  these  points  would  result  in  zero  sensitivity  of  the  clock  frequency  to  microwave  power 
changes  and  may  result  in  improved  long-term  clock  stability,  as  had  been  observed  by  De  Marchi 
[3]  in  his  investigations  of  Cs  frequency  standards.  The  manufacturer’s  C-field  current  setting  for 
this  clock  was  4.5  mA,  which  gave  a  Zeeman  frequency  of  about  191  kHz.  Operating  the  clock  at 
lower  C-fields  would  also  have  the  advantage  of  decreasing  clock  sensitivity  to  C-field  current;  i.e., 
a  change  in  C-field  current  results  in  a  smaller  change  in  output  frequency  when  the  C-field  current 
is  small. 

We  suspect  that  the  zero  crossing  at  80  kHz  may  be  explained  by  the  mechanisms  discussed  by 
Risley  [2].  He  states  that  this  point  may  be  interpreted  in  terms  of  (1)  the  opposing  effect  of  the 
spacially  inhomogeneous  light  shift  and  (2)  the  C-field  gradient;  the  light  shift  produces  a  positive 
frequency  shift,  while  the  C-field  gradient  produces  a  negative  frequency  shift. 

A  comparison  of  the  results  in  Figure  3  with  similar  results  for  Cs  standards  [3,4]  shows  that  at 
the  C-field  setting  that  results  in  the  maximum  frequency  change,  the  Rb  standard  is  about  ten 
times  more  sensitive  to  power  changes  than  is  the  Cs  standard.  This  result  points  out  the  need  for 
a  more  stable  microwave  power  source  for  Rb  standards  than  for  Cs  standards.  Most  commercial 
Rb  standards  do  not  employ  a  microwave- power  leveling  circuit.  This  particular  commercial  Rb 
standard,  however,  did  level  the  power  into  the  final  step-recovery-diode  multiplier. 


Conclusions 

We  have  presented  experimental  results  regarding  the  interaction  of  the  C-field  and  the  microwave 
power  on  the  output  frequency  of  a  commercial  Rb  standard.  These  results  showed  that  in  this 
particular  Rb  standard,  the  maximum  frequency  change  due  to  microwave  power  variations  was 
about  2.6x10“’'  per  dB  of  power  change.  At  this  C-field  setting  an  standard  deviation  of  0.01  dB 
in  the  microwave  power  would  result  in  an  Allan  standard  deviation  in  the  frequency  of  2.6x10“'^ 
from  the  power  changes  alone.  This  illustrates  the  need  for  a  very  stable  microwave  power  source. 
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It  was  also  observed  that  for  a  particular  C-field  setting,  the  frequency  change  goes  to  zero.  The 
frequency  sensitivity  of  this  Rb  standard  to  changes  in  microwave  power  was  about  ten  times  higher 
than  that  of  a  Cs  standard. 
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Figure  1 .  Block  Diagram  of  the  C-field  Measurement  System  for  a  Rb  Frequency 
Standard 


(refertncc) 


Figure  2.  Circuit  Diagram  of  the  Single-Mixer  Frequency-Measurement  System  Used 
to  Determine  the  Fractional  Frequency  Changes  at  Different  C-field  Settings 
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RELATIVE  SIGNAL  VOLTAGE 


FREQUENCY,  kHz 

Figure  3.  The  CW  Rb  Resonance  Patterns  of  the  Seven  Zeeman  Transitions  in  a  Rb 
Frequency  Standard 


INPUT  MICROWAVE  POWER,  dBm 


Figure  4.  Plot  of  the  Rb  Resonance  Signal  Voltage  vs.  the  Input  Microwave  Power  of 
the  Rb  Frequency  Standard  with  the  Standard  Tuned  to  fo 
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Figure  5.  Average  of  the  Final  Data  on  the  Rb  Frequency  Standard,  Showing  the 
Difference  of  the  Average  Frequencies  as  a  Function  of  C-field  for 
Microwave  Power  Changes  of  +1.3,  -1.1,  -2.2,  and  -4.0  dB  with  Respect 
to  the  Nominal  Power  Level  Pq 


Figure  6.  Plot  of  the  Difference  of  the  Average  Frequencies  of  the  Rb  Standard  as  a 
Function  of  Low  C-field  for  Microwave  Power  Changes  of  +1.3,  -1.1, 
-2.2,  and  -4.0  dB  with  Respect  to  the  Nominal  Power  Level  Pq 


235 


Development  of  an  Optically-pumped 
Cesium  Standard  at  the  Aerospace  Corporation 


Dr.  Yat  C.  Chan 
Electronics  Technology  Center 
The  Aerospace  Corporation 
Los  Angeles,  CA 


Abstract 

fVe  have  initiated  a  research  program  to  study  the  performance  of  compact  optically-pumped  cesium 
(Cs)  frequency  standards,  which  have  potential  for  future  timekeeping  applications  in  space.  A  Cs  beam 
clock  apparatus  has  been  assembled.  Basic  functions  of  the  frequency  standard  have  been  demonstrated. 

Clock  signals  are  observed  with  optical  pumping  schemes  using  one  or  two  lasers.  With  two-laser  pumping, 
we  are  able  to  selectively  place  up  to  80%  of  the  atomic  population  into  one  of  the  clock  transition  states. 

The  observed  pattern  of  the  microwave  clock  signal  indicates  that  the  velocity  distribution  of  the  Cs  atoms 
contributing  to  the  microwave  signal  is  beam-Maxwellian.  Thus,  in  the  optically-pumped  Cs  frequency 
standards,  the  entire  Cs  population  in  the  atomic  beam  could  be  utilized  to  generate  the  clock  signals. 

This  is  in  contrast  to  the  conventional  Cs  beam  standards  where  only  ^1%  of  the  atoms  in  the  beam  are 
used.  More  efficient  Cs  consumption  can  lead  to  improved  reliability  and  increased  useful  lifetime  of  the 
clock.  Our  preliminary  results  are  summarized  in  this  paper. 

INTRODUCTION 

There  has  been  considerable  interest  in  the  use  of  optical  methods  for  state  preparation  and  clock 
signal  detection  in  the  Cs  frequency  [1],[2],[3]  Elimination  of  the  state  selection  magnets  in  the 
frequency  standard  could  significantly  reduce  the  frequency  biases  which  are  magnetic  dependent 
such  as  those  due  to  the  Majorana  transitions  and  the  distributed  cavity  phase-shifts.  Reductions 
of  the  magnitudes  of  these  effects  can  lead  to  a  clock  in  which  the  stability  and  the  accuracy  are 
greatly  improved  over  current  designs.  Potentially,  an  accuracy  of  1  part  in  10'“*  is  achievable  in 
optically-pumped  Cs  beam  frequency  [4]. 

In  a  conventional  Cs  beam  clock,  the  state  selection  magnets  select  only  a  small  group  of  Cs  atoms 
with  a  narrow  velocity  spread  and  an  appropriate  hyperfine  energy  state,  such  that  only  ~1%  of  the 
total  atoms  in  the  beam  contributes  to  the  observed  clock  signal.  Such  inefficient  use  of  the  Cs  has 
adverse  effects  on  the  lifetime  of  the  beam  clock,  since  the  major  cause  of  failures  in  the  compact 
Cs  beam  clocks  is  due  to  the  exhaustion  of  Cs  in  the  oven.  Optical  excitation  with  the  laser  beam 
perpendicular  to  the  atomic  beam  is  insensitive  to  the  velocity  of  Cs  atoms  along  the  atomic  beam 
axis.  .Additionally,  optical  pumping  schemes  using  two  lasers  can  concentrate  nearly  the  entire  Cs 
population  into  one  of  the  clock  transition  states.  Thus,  all  of  the  Cs  atoms  in  the  beam  could  be 
utilized.  This  could  translate  into  a  larger  clock  signal  and  more  efficient  Cs  consumption  resulting 
in  increased  reliability  and  useful  lifetime  of  the  clock. 
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We  tiavp  initiated  a  resoarch  program  to  gain  familiarity  witli  the  optical  pumping  techniques  in 
(‘s  freciuency  standards.  In  particular,  we  are  interested  in  studying  the  stability  and  reliability 
(jf  compact  fre(|uencv  standards  which  have  potential  for  future  timekeeping  applications  in  space. 
Hopefully,  tliese  investigations  will  lead  to  improved  performance  in  compact  optically  pumped  ('s 
standards  (OP('.S).  Our  prelimitiary  observations  are  summarized  in  this  paper. 


EXPERIMENTAL  SECTION 

.A  schematic  diagram  for  our  experimental  .setup  is  jrresented  in  Fig.  1.  Our  Cs  beam  apparatus 
consists  of  four  main  sections:  a  Cs  source,  a  pumping  chamber,  a  microwave  region  and  a  detection 
chamber.  Separations  between  the  Cs  oven  and  the  pumping  and  detection  regions  are  64  and  1.42 
cm.  respectively.  The  vacuum  chamber  is  evacuated  to  ~10“'  Torr  by  a  120  1/s  ion  pump.  In  the 
pumping  (hamber  and  the  detection  chamber,  three  optical  windows  are  mounted  perpendicular 
to  the  atomic  beam  providing  access  for  the  laser  beams  and  for  the  detection  of  emission  signals. 
Effusion  of  (.’s  atoms  from  the  (.’s  oven  through  a  2.4  mm  diameter  opening  into  the  vacuum 
chamber  forms  an  atomic  beam.  The  temperature  of  the  Cs  oven  is  maintained  at  120  °C  during 
tin'  experiment.  A  graphite  diaphragm  with  a  2. .5  mm  diameter  aperture  is  placed  7.5  cm  from  the 
oven  to  reduce  the  beam  divergence  and  the  Cs  background. 

A  single  layer  of  1.5  mm  tide!;  mu-metal  provides  shielding  against  interferences  from  ambient 
magnetic  fields.  Stray  magnetic  fields  inside  the  chamber  are  less  than  2.5  mG.  A  dc  magnetic  field 
(C-field),  perpendicular  to  the  atomic  beam,  is  produced  inside  the  magnetic-shielding  chamber 
by  four  current-carrying  copper  rods  placed  4  cm  apart.  Inhomogeneity  of  the  C-field  is  less  than 
5  mG  across  the  cross  section  of  the  atomic  beam.  A  compact  Ramsey-type  microwave  cavity  of 
commercial  design  is  mounted  in  the  microwave  chamber.  Separation  between  the  two,  1  cm  long 
arms  of  the  l^-shaped  microwave  cavity  is  12  cm.  The  cross  sectional  area  of  the  cavity  is  ~15  mm^ 
allowing  approximately  2x10''’  atoms/s  to  be  interrogated  by  the  microwave  field.  The  output 
of  a  temperature  stabilized  VCXO,  operating  at  143  MHz,  is  multiplied  64  times  to  provide  the 
rerpiired  microwave  radiation. 

Diode  lasf'rs  are  used  for  both  optical  pumping  and  state  detection.  The  lasers  are  tuned  to  the 
Cs  D.)  transition  frequencies  by  controlling  both  the  laser  heat-sink  temperatures  and  the  laser 
injection  currents.  In  order  to  keep  the  laser  frequency  on  resonance  with  the  Cs  atomic  transitions 
throughout  the  experiment,  the  laser  frequencies  are  locked  onto  the  selected  atomic  transitions 
through  an  electronic  feedback  technique  using  the  fluorescence  signals  provided  by  a  photodiode 
detector  in  the  pumping  region.  As  a  part  of  the  electrical  feedback  technique,  the  injection  currents 
of  the  lasers  are  modulated  by  small  ac  .signals  oscillating  at  700  or  1000  Hz.  The  modulations 
increase  the  effective  linewidths  of  the  lasers  to  ~80  MHz.  Depending  on  the  individual  laser,  laser 
powers  available  vary  from  2  to  8  mW. 

f’luorescence  signals  in  the  detection  region  are  delected  by  a  cooled  Ga.As  photomultiplier  tube. 
7'he  signals  are  amplified  by  an  electrometer  with  ~1  s  time  constant. 
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RESULTS 

(A)  Hyperfine  Pumping 

An  energy  level  diagram  for  the  Cs  D2  transitions  is  given  in  Figure  2.  Selection  rules  for  the  optical 
transitions  are  AF  =  0  or  ±1,  (F  is  the  total  angular  momentum  of  a  state,  nuclear  plus  electronic) 
such  that  six  optical  transitions  between  the  ground  6^81/2  state  and  the  excited  6^P3/2  state  are 
permitted.  The  selection  rules  also  depend  on  the  polarization  of  the  excitation  source.  When 
the  polarization  of  the  laser  is  perpendicular  ’o  the  magnetic  field,  cr-excitations  will  be  induced, 
such  that  the  allowed  optical  transitions  are  AM  =  ±1  (M  describes  the  projection  of  F  onto  the 
direction  of  the  magnetic  field).  For  the  7r-excitations,  polarization  of  the  laser  is  aligned  parallel 
with  the  C-field,  and  the  allowed  transitions  are  AM  =  0,  with  the  exception  that  M  =  0  ^  M'  =  0 
(primes  indicate  the  angular  momentum  of  the  excited  state)  is  forbidden  when  AF  =  0. 

Transitions  including:  F  =  4  — *  F'  =  4:  F  =  4  —  F'  =  3;  F  =  0  F'  =  .3;  F  =  30  —  F'  =  4 
are  known  as  the  pumping  transitions.  With  these  pumping  excitations,  Cs  population  may  be 
transferred  from  one  of  the  ground  electronic  state  hyperfine  If'vels  into  the  other,  consequently  give 
rise  to  the  hyperfine  pumping.  For  the  cycling  transitions,  F  =  4  —  F'  =  .5  and  F  =  3  — ^  F'  =  .3. 
the  only  decay  pathway  for  the  excited  atoms  upon  excitation  is  returning  to  their  original  ground 
hyperfine  levels,  therefore  they  are  not  useful  for  optical  pumping.  Fig.  3a  shows  a  fluorescence 
spectrum  collected  at  the  detection  chamber  when  the  frequency  of  a  probe  laser  was  scanned  over 
the  d2  transitions  of  Cs  around  852  nm.  All  six  allowed  optical  transitions  were  observed.  Fig. 
3b  shows  a  similar  emission  spectrum,  when  a  second  laser  was  tuned  to  the  F  =  3  ^  F'  =  3 
transition  and  intersected  the  atomic  beam  in  the  pumping  region.  Emission  signals  corresponding 
to  the  F  =  3  —  F'  =  2,  3,  4  transitions  disappeared  completely.  This  is  due  to  the  complete 
retnoval  of  the  F  =  3  population  by  hyperfine  pumping  in  the  pumping  region.  Similar  hyperfine 
pumping  effects  wore  observed  with  the  other  pumping  excitations.  These  observations  confirm 
that  near  complete  population  transfer  from  one  hyperfine  state  into  the  other  can  be  achieved  by 
optical  pumping  using  diode  lasers. 

(B)  Optical  Pumping  with  One  Laser 

In  our  one-laser  experiment,  the  main  la.ser  beam  was  used  for  optical  pumping  in  the  pumping 
chamber.  A  fraction  of  the  laser  b?am  was  diverted  into  the  detection  chamber  for  state  detection. 
Hyperfine  pumping  was  induced  by  tuning  the  laser  onto  one  of  the  pumping  transitions.  When  the 
microwave  source  fed  to  the  Ramsey-cavity  was  off,  emission  signals  observed  in  the  detection  region 
consisted  mainly  of  scattered  laser  light  and  a  small  fluoresfeuce  signal  from  the  un])umped  Cs 
atoms.  When  the  microwave  frequency  matched  the  Cs  hyperfine  transition  frequencies,  transitions 
between  the  two  hyperfine  states  would  be  induced  among  the  Cs  atoms  passing  through  the 
microwave  cavity.  This  resulted  in  a  change  in  the  emission  signals  observed  in  the  detection 
chamber.  Fig.  4a  shows  the  microwave  spectrum  with  the  F  =  3  F'  =  3  rr  pumping  scheme  (3-3 
(t),  where  the  notation  cr  (or  rr)  describes  the  polarization  of  the  pumping  laser  with  respect  to  the  C- 
field  as  discussed  in  the  previous  section.  The  microwave  spectrum  con  fists  of  seven  transitions.  The 
(()-())  ‘clock'  transition,  which  cotiples  the  F=3.  M=0  and  F=4.  M  =  0  states,  shows  the  characteristic 
interference  structures.  The  halfwidth  of  the  central  Ramsey  peak  is  approximatelv  1  KHz.  Such 
interference  structures,  however,  vw're  not  observed  in  the  other  microwave  transitions.  This  could 
be  due  to  the  fact  tliat  interference  structures  on  these  magnetic  sensitive  transitions  wc-re  washed 
out  by  the  inhomogeneity  of  the  ('-field.  This  result  suggests  that  an  improvement  in  t  he  uniformity 
of  the  f'-field  is  desirabh'. 
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State  preparation  involving  3-3  n  and  4-4  tt  pumping  are  important  components  of  the  two-laser 
pumping  techniques  for  putting  all  of  the  Cs  atoms  into  one  of  the  clock  transition  states.  Fig. 
4b  shows  the  microwave  spectrum  when  the  3-3  tt  pumping  scheme  is  employed.  By  rotating  the 
laser  polarization  90  degrees,  3-3  a  excitation  can  be  used  for  detection.  Due  to  the  selection  rules, 
the  M  =  0  ^  M'  =  0  transition  is  forbidden  in  the  3-3  tt  excitation,  such  that  population  in 
the  F=3,  M=0  level  will  not  undergo  excitation.  The  unpumped  Cs  atoms  contributed  to  a  large 
background  signal  and  an  increased  noise  level  in  the  spectrum.  Figure  4c  gives  the  microwave 
spectrum  observed  when  the  4-4  a  pumping  scheme  is  used. 

Figure  4d  compares  the  measured  relative  intensities  of  the  microwave  transitions  resulting  from  the 
3-3  a  excitation  scheme  of  Fig.  4a  with  the  calculated  values.  The  calculated  values  are  obtained 
from  the  matrix  elements  for  the  seven  hyperfine  transitions,  assuming  that  the  populations  of  the 
magnetic  sublevels  in  the  unpumped  hyperfine  state  are  equal  and  the  pumped  hyperfine  state  is 
completely  depopulated.  Excellent  agreement  between  the  experimental  results  and  the  calculated 
values  indicates  that  the  seven  sublevels  (M  =  0,  ±1,  ±2,  ±3)  in  the  F=4  hyperfine  state  are 
indeed  equally  populated.  In  certain  pumping  schemes,  due  to  the  selection  rules  and  the  differences 
in  the  transition  probabilities  for  the  D2  lines  among  the  Zeeman  sublevels,  alignment  of  the  atomic 
population  (i.e.  nonuniform  population  of  Zeeman  sublevels)  could  be  created.  Relative  intensities 
of  the  microwave  signals  in  Fig.  4b  and  4c  are  compared  with  the  calculated  values  in  Fig.  4e  and 
4f,  respectively.  It  is  clear  that  levels  with  the  high  magnetic  quantum  numbers,  M,  are  favored 
when  3-3  tt  pumping  is  employed.  In  the  case  of  the  4-4  a  scheme,  levels  with  M  =  ±2  are 
preferred. 

(C)  Two-Laser  Experiment 

In  this  experiment,  two  lasers  are  used  in  an  attempt  to  concentrate  all  of  the  Cs  population 
into  one  of  the  two  clock  transition  Zeeman  sublevels  by  using  both  the  hyperfine  and  Zeeman 
optical  pumping  techniques.  Experimental  arrangements  were  similar  to  those  used  in  the  one-laser 
experiment  with  the  exception  that  an  additional  pumping  laser  was  used  for  Zeeman  pumping. 
Fig.  5a  shows  the  microwave  spectrum  with  4-4  tt  and  3-3  cr  pumping,  and  3-3  cr  detecting. 
Signal  for  the  (0-0)  ‘clock’  transition  was  greatly  increased  compared  to  the  one-laser  pumping 
experiment  at  the  expense  of  the  other  microwave  transitions.  With  this  arrangement,  we  were 
able  to  concentrate  ~80%  of  the  atomic  population  into  the  F=4  M=0  level.  Fig.  5b  shows  the 
atomic  population  distribution  among  the  magnetic  sublevels  of  the  F=4  hyperfine  states.  About 
7%  atomic  population  remained  in  the  F=3  state,  which  contributed  to  the  increased  noise  figure 
in  the  spectrum.  With  4-4  a  and  3-3  tt  pumping,  ~70%  Cs  atoms  were  concentrated  into  the  F=3, 
M=0  level. 

.4t  low  values  of  magnetic  field  strength,  optical  pumping  efficiencies  involving  s-transitions  will 
be  reduced.  This  is  due  to  the  creation  of  AM  =  ±2  Zeeman  coherences  in  the  Cs  ground  state 
[5].  Thu  s,  it  would  be  undesirable  to  use  cr-transitions  in  optically  pumped  frequency  standards 
when  a  low  C-field  is  needed.  Figure  6  shows  the  result  of  our  measurements  of  the  %  population 
concentrated  in  the  F=3,  M=0  clock  state  using  the  3-3  ff  and  4-4  tt  two-laser  pumping  scheme. 
Below  70  rnG,  the  neighboring  microwave  transitions  interfered  with  the  clock  signal,  thus  no 
measurement  was  conducted  below  that  value  of  magnetic  field.  No  evidence  for  the  reduction  of 
pumping  efficiency  was  observed  over  the  C-field  range  of  70  to  1500  mG. 
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(D)  Velocity  Distribution  in  the  Atomic  Beam 

Figure  6  shows  the  Ramsey-Rabi  signal  of  the  (0-0)  ‘clock’  transition  obtained  in  an  one-laser 
experiment.  3-3  a  excitation  was  used  for  both  pumping  and  detecting.  Calculated  values  of 
the  clock  signal,  assuming  that  the  velocity  distribution  in  the  Cs  beam  is  beam- Maxwellian,  are 
plotted  as  circles  in  the  figure.  Agreement  between  the  experimental  and  the  calculated  values  is 
satisfactory.  This  indicates  that  the  velocity  distribution  of  atoms  contributing  to  the  microwave 
signal  is  beam-MaxweUian,  with  a  temperature  consistent  with  that  of  the  oven  source. 

CONCLUSIONS 

We  have  established  a  facility  for  studying  compact  optically  pumped  Cs  frequency  standards. 
Basic  functions  of  the  atomic  clock  system  have  been  demonstrated.  In  the  two-laser  experiment, 
we  are  able  to  concentrate  ~80%  of  the  atomic  population  in  one  of  the  ‘clock’  transition  states. 
The  velocity  distribution  of  the  Cs  atoms  in  the  atomic  beam  are  found  to  be  approximately  beam- 
Maxwellian,  which  indicates  that  the  optical  state  preparation  and  detection  methods  used  in  the 
OPCS  are  insensitive  to  the  velocity  of  Cs  atoms  along  the  atomic  beam.  Thus  in  contrast  to  the 
magnetic  state  selection  techniques  used  in  conventional  Cs  clocks,  optical  state  preparation  and 
detection  techniques  allow  much  more  efficient  uses  of  the  atomic  beam  flux,  which  can  lead  to 
improved  reliability  and  increased  useful  lifetime  of  the  clock. 
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Fig.  1 


.  Schematic  representation  of  the  optically  pumped  Cs  frequency  standard  apparatus. 
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Fig.  2.  Energy-level  diagram  for  the  D2  transitions  of  Cs. 
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Fig.  3.  Laser-induced  fluorescence  spectrum  of  the  D2  transitions  of  Cs  at  the  detection 
chamber:  (a)  no  optical  pumping;  (b)  with  3-3  a  pumping  in  the  pumping  chamber. 


243 


Fig.  4.  (a),  (b),  (c)  Microwave  spectra  of  the  OPCS  pumped  with  one  laser.  Experimental 
conditions:  (a)  3-3  a  pumping  and  detecting;  (b)  3-3  tt  pumping  and  3-3  a  detecting;  (.c)  4-4 
a  pumping  and  detecting.  Relative  intensities  of  the  microwave  signals  in  (a),  (b)  and  (c) 
are  compared  with  the  calculated  values  in  (d),  (e)  and  (f),  respectively. 
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Fig.  5.  (a)  Microwave  spectrum  of  the  OPCS  with  the  4-4  ir,  and  3-3  a  pumping  scheme 
and  detected  with  the  3-3  a  transition,  (b)  Atomic  population  distributions  among  the 
Zeeman  levels  in  F=4  level,  as  a  result  of  the  two  laser  pumping. 


245 


Fig.  6.  Percent  of  atomic  population  concentrated  in  the  F=4,  M=0  level  with  two-laser 
pumping  plotted  as  a  function  of  the  magnetic  field.  Pumping  scheme  is  3-3  a  and  4-4  t 
with  3-3  a  detecting. 
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Fig.  7.  Comparison  of  the  experimental  and  the  calculated  Ramsey-Rabi  structure  of  the 
(0-0)  ’clock’  transition.  Experimental  data  and  the  calculated  values  are  represented  by  the 
solid  line  and  the  circles,  respectively. 
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Abstract 

The  use  of  commercial  communication  satellites  for  precise  time  transfer  has  been  performed  with 
a  variety  of  techniques  for  a  number  of  years.  Military  communications  systems  can  also  provide  this 
function  in  a  few  deployed  systems.  This  paper  will  demonstrate  a  new  design  of  a  time  transfer  modem 
that  can  be  produced  at  a  reasonable  cost  and  etuible  users  to  ituike  direct  comparisons  with  the  Naval 
Observatory  with  nanosecond  precision.  A  flexible  aU-digftal  design  is  being  implemented  that  wiU  en¬ 
able  a  variety  of  different  codes  to  be  employed.  The  design  and  operating  modes  of  this  equipment  are 
demonstrated. 


Introduction 


Papers  have  been  presented  at  the  1989  and  1990  PTTI  meetings  describing  the  hardware  and  the 
digital  signal  processing  design  of  the  NRL-USNO  Two-Way  Time  Transfer  Modem.  This  paper  is 
intended  to  show  the  present  status  and  preliminary  results. 


TWO-WAY  TIME  TRANSFER  MODEM  SOFTWARE  OPER¬ 
ATION 

The  software  for  the  Two-Way  Time  Transfer  Modem  allows  for  autonomous  operation  of  the 
system.  It  handles  the  scheduling  of  time  transfers,  storage  of  the  data,  and  post  processing  of  the 
data.  What  will  be  described  in  this  section  is  the  operation  of  the  software  and  how  data  is  moved 
around. 

The  modem  is  controlled  with  a  PC/AT  type  computer.  The  computer  handles  the  user  interface, 
scheduling  of  time  transfers,  and  post  processing  of  the  data.  The  PC/AT  is  equipped  with  a  VGA 
type  display,  a  floppy  disk  drive,  a  hard  drive,  and  keyboard.  The  modem  consists  of  a  digital 


signal  processing  card,  a  digital  modem  card,  and  an  analog  interface  as  shown  in  figure  one.  The 
PC/AT  computer  and  digital  signal  processing  card  communicate  to  each  other  through  dual  port 
memory. 

Operation  of  the  modem  is  controlled  by  the  PC/AT  through  the  dual  port  memory.  Various 
locations  of  the  dual  port  memory  are  allocated  to  specific  functions.  Some  memory  locations  store 
the  parameters  of  the  modem  such  as  carrier  frequency,  code  rates,  and  code  sizes.  This  allows 
easy  reconfiguration  of  the  modem  without  changing  the  software.  About  three-fourths  of  the  dual 
port  memory  is  allocated  to  data  being  transmitted  and  received. 

There  are  two  memory  locations  that  control  the  operating  modes  of  the  modem.  One  location  is 
called  ‘modem  control.’  The  other  location  is  called  ‘modem  mode.’  ‘Modem  control’  is  controlled 
by  the  PC/AT.  The  PC/AT  puts  a  number  in  this  location  to  control  the  operating  mode  of  the 
modem.  ‘Modem  mode’  is  a  memory  location  that  is  set  by  the  digital  signal  processor  showing 
what  mode  it  is  presently  in.  The  operating  modes  are  setup  in  a  way  that  the  PC/AT  can  set 
the  ‘mode  control’  to  the  desired  operating  mode  and  the  digital  signal  processor  will  increment 
through  all  of  the  modes  until  it  reaches  the  desired  operating  mode.  There  are  eleven  operating 
modes  defined  to  this  point  and  more  will  come  a.s  the  software  matures.  The  operating  modes  are 
defined  in  table  one. 


Table  1.  Operating  Modes 


0  Power  up  mode,  DSP  waits  for  PC/AT  program  to  boot. 

1  Initialize  transmitter  and  synchronize  the  internal 
lock  system  timing  with  an  external  clock  source. 

2  Idle  mode,  stay  off  air  and  keep  system  time. 

3  Initialize  receiver  section  of  modem,  adjust  the 
receiver  attenuator  so  the  A/D  is  not  saturated. 

4  Search  for  signal  in  frequency  and  time. 

5  Verify  search  by  trying  to  find  the  signal  peak  again. 

6  Adjust  the  carrier  NCO  to  the  signal  frequency. 

7  Track  carrier  and  code. 

8  Search  for  data  sync  block  and  track  carrier  and  code. 

9  Search  for  station  ID,  do  one-way  time  transfer. 

10  Perform  two-way  time  transfer. 

The  first  operating  mode  is  ‘0.’  The  digital  signal  processor  sets  the  ‘modem  control’  and  ‘modem 
mode’  to  zero  so  that  it  can  wait  for  the  PC/AT  to  initialize  itself.  When  the  system  powers 
up,  the  PC/AT  first  loads  the  digital  signal  processor  software  and  starts  up  the  digital  signal 
processor.  It  then  loads  the  modem  control  software.  In  the  mean  time,  the  digital  signal  processor 
is  executing  its  software  and  has  accomplished  preliminary  initialization.  Before  the  PC/AT  has 
loaded  its  software,  the  digital  signal  processor  is  waiting  for  the  PC/AT  to  set  the  operating 
mode.  If  the  PC/AT  hasn’t  set  the  operating  mode,  the  ‘modem  control’  memory  location  has  an 
undefined  number  in  it  and  can  cause  the  digital  signal  processor  to  step  through  the  operating 
modes  prematurely.  That  is  why  the  digital  signal  processor  sets  the  memory  locations  to  zero. 
After  that,  the  ’modem  control’  memory  location  is  set  only  by  the  PC/AT. 

Mode  one  is  used  to  initialize  the  transmitter  section  of  the  modem.  The  transmitter  section  is 
synchronized  to  the  1  PPS  source  once  and  then  generates  its  own  1  PPS.  It  is  assumed  that  the 
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clock  providing  the  1  PPS  is  also  providing  a  coherent  5  MHz  signal.  The  5  MHz  signal  is  multiplied 
to  25  MHz  in  the  analog  hardware.  The  phase  of  the  5  MHz  signal  is  adjusted  so  that  the  positive 
edge  of  the  25  MHz  matches  the  edge  of  the  input  1  PPS  The  25  MHz  provides  the  system  timing. 
Once  the  transmitter  is  synchronized  to  the  1  PPS,  the  external  1  PPS  signal  is  not  required.  After 
the  transmitter  circuit  has  been  started,  even  though  it  is  not  transmitting  to  the  satellite  yet,  the 
time  of  day  can  be  kept. 

The  next  mode,  mode  two,  is  the  idle  mode.  The  modem  only  keeps  track  of  time  and  waits  for  a 
new  mode.  This  mode  is  used  only  when  a  time  transfer  is  not  scheduled. 

Mode  three  initializes  the  receiver  section  of  the  modem.  The  receiver  NCO  is  set  to  about  2.5 
MHz,  and  the  code  generator  is  loaded.  The  input  to  the  receiver  circuit  is  turned  on  so  any  signal 
received  by  the  VSAT  is  sent  to  the  analog  to  digital  converter  (ADC).  The  ADC  has  a  bit  to  signal 
when  it  is  saturated.  The  digital  signal  processor  adjusts  the  receiver  attenuator  while  monitoring 
the  saturation  bit.  The  modem  is  then  ready  to  move  on  to  the  next  mode. 

Searching  for  a  signal  is  done  in  mode  four.  The  search  is  performed  in  a  two-dimensional  space 
through  frequency  and  time.  It  performs  a  frequency  search  by  way  of  an  FFT  operation.  The 
search  through  time  is  by  shifting  its  reference  code  against  the  incoming  signal.  An  FFT  is 
performed  on  each  shift  of  the  code.  The  code  is  shifted  about  one  and  a  half  code  lengths.  The 
maximum  peak  found  is  recorded  for  verification. 

Mode  five  performs  another  search  for  the  signal.  This  mode  is  the  verification  mode.  Instead  of 
searching  for  one  and  a  half  code  lengths,  the  search  stops  when  a  peak  in  the  signal  is  found  that 
is  equivalent  to  the  peak  found  in  mode  four.  The  carrier  offset  found  in  the  search  is  passed  to 
the  next  mode.  When  the  reference  code  matches  the  incoming  signal  code,  the  modem  goes  to 
the  next  mode. 

In  mode  six,  the  carrier  NCO  is  set  to  the  incoming  signal’s  carrier  frequency  to  within  304  Hz. 
The  digital  signal  processor  acquires  samples  of  the  signal  and  makes  a  finer  adjustment  of  the 
carrier  NCO  to  a  small  offset. 

Mode  seven  is  another  type  of  idle  mode  except  that  it  runs  the  carrier  tracking  loop  and  the  code 
tracking  loop.  Remember  that  while  all  of  these  operations  have  been  going  on,  the  modem  is  still 
keeping  track  of  time. 

In  mode  eight,  the  modem  searches  for  a  sync  word  in  the  data  message.  The  word  is  a  unique 
combination  of  ones  and  zeros.  The  hexadecimal  representation  of  the  sync  word  is  FFFFOOOOh. 
This  places  a  restriction  on  the  rest  of  the  data  in  that  the  data  cannot  in  any  way  or  combination 
appear  as  the  sync  pulse.  This  is  overcome  by  aligning  the  data  in  thirty-two  bit  blocks.  ASCII 
formatted  data  is  aligned  in  eight  bit  characters  and  grouped  in  multiples  of  four  characters.  Data 
such  as  a  time  tag  or  time  of  arrival  measurement  are  sent  as  binary  integers.  The  integers  or 
combination  of  integers  can  appear  as  a  sync  pulse.  This  is  taken  care  of  by  determining  the 
maximum  number  of  bits  required  by  the  data  and  limiting  the  data  to  that  size  and  adding  an 
offset  that  only  uses  the  unused  bits  of  the  thirty-two  bit  data  integer.  If  the  digital  signal  processor 
cannot  find  the  sync  pulse  in  five  seconds,  it  starts  over  at  mode  four  to  reacquire  the  signal. 

After  the  sync  pulse  is  found,  the  modem  can  move  up  to  mode  nine.  In  this  mode,  the  digital 
signal  processor  extracts  the  station  identification  information  from  the  data  and  determines  if  it 
is  the  correct  ID.  If  the  incorrect  ID  is  being  received,  the  modem  will  keep  extracting  the  ID  from 
the  data  until  the  correct  station  ID  is  received.  Then  the  next  mode  will  be  executed.  While  the 
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modem  is  waiting  for  the  proper  station  ID,  it  will  be  performing  time  of  arrival  meaisurements. 

FinaJly  in  mode  ten,  a  complete  two  way  time  transfer  can  proceed.  The  modem  will  continue 
making  time  of  arrival  measurements  and  transmit  its  result  to  the  other  site.  At  the  same  time  it 
will  record  the  other  sites  data  transmissions  along  with  its  own  transmission  for  post  processing. 
The  modem  remains  in  mode  ten  for  three  hundred  seconds  and  then  returns  to  mode  two  until 
the  next  time  transfer  is  scheduled. 

.4  two-  way  time  transfer  requires  that  one  modem  have  control  over  the  communications  of  the 
other  modems.  Assuming  USNO  is  a  master  site  for  the  two-way  time  transfer,  USNO  will  be 
performing  the  time  transfer  with  more  than  one  other  site.  This  requires  control  over  which  sites 
may  transmit.  Only  one  site  may  transmit  with  the  master  station  at  one  time.  This  is  the  reason 
for  station  IDs.  What  will  be  described  is  the  operation  of  a  time  transfer  between  the  master  site 
and  two  target  sites.  The  operating  modes  of  both  modems  will  be  modified  slightly  from  what 
was  described  earlier. 

TIME  TRANSFER  OPERATION 

.4ssuming  that  all  of  the  modems  have  been  powered  up  and  initialized,  they  will  be  idle  in  mode 
two.  The  transmitter  output  is  turned  off  so  the  target  sites  will  not  transmit  a  signal  to  the 
satellite.  At  some  time,  the  target  site  PC/ATs  will  determine  that  it  is  time  for  a  time  transfer. 
The  target  site  PC/.ATs  will  set  the  ‘modem  control’  memory  location  to  mode  ten,  a  full  two-way- 
time  transfer.  The  digital  signal  processor  cards  will  detect  the  change  in  memory  and  proceeds  to 
mode  three  and  then  mode  four.  It  will  stay  at  mode  four  until  a  signal  from  the  master  site  has 
been  detected.  The  transmitter  signal  is  still  off. 

In  the  mean  time,  the  master  station  is  sitting  idle  at  mode  two.  It’s  transmitter  output  is  turned 
off.  When  the  master  station  PC/AT  determines  it  is  time  for  a  time  transfer,  it  will  turn  on  the 
transmitter  and  select  the  target  site  to  do  the  time  transfer  with  by  transmitting  the  target’s  ID. 
The  master  station  moves  to  mode  three  and  then  four.  It  will  keep  searching  until  the  selected 
target  starts  transmitting. 

.\ow  that  the  master  station  is  transmitting,  the  target  stations  will  eventually  find  the  master 
station  .signal  and  start  tracking  it.  The  target  stations  will  find  the  sync  word  and  start  looking 
for  the  ID  in  the  master  data  being  transmitted.  When  the  one  target  station  recognizes  its  station 
ID.  it  will  move  to  mode  ten.  .At  mode  ten,  the  target  will  start  transmitting  back  to  the  station. 
The  other  target  stations  do  not  transmit  and  stay  in  mode  nine. 

Now  that  the  target  station  has  started  transmitting,  the  master  station  tries  to  acquire  the  target’s 
signal.  Eventually  the  master  station  will  reach  mode  nine.  In  mode  nine,  instead  of  looking  for  its 
own  ID.  tlie  master  station  looks  for  the  targets  ID.  The  transmitting  target  station  must  transmit 
its  own  ID.  If  the  master  station  determines  that  the  wrong  target  is  transmitting,  it  will  shut  off 
its  transmitter.  I'his  will  cause  the  target  station  to  lose  signal  lock  and  drop  down  to  mode  four. 
This  mode  change  makes  the  target  station  to  shut  off  its  transmitter.  The  whole  process  will  then 
start  over. 

When  both  sites  are  at  ttiode  ten.  they  will  perform  a  two-way-  time  transfer.  This  will  last  for 
dOO  seconds,  'fhe  two  sites  will  only  transmit  data  when  both  are  at  mode  ten.  There  is  a  32  bit 
word  in  the  data  message  that  indicates  when  the  site  is  ready  to  receive  data.  When  handshaking 
inilicates  that  one  of  the  sites  is  not  at  mode  ten.  the  only  information  that  is  updated  in  the  data 
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message  is  the  seconds  of  the  day  time  tag  and  the  status  word.  AH  of  the  other  information  is  not 
updated. 

When  the  time  transfer  is  completed,  the  master  station  will  simply  change  the  station  ID  to  select 
another  target.  The  previously  selected  target  will  notice  the  ID  change  and  immediately  drop  to 
mode  nine  and  shut  off  its  transmitter  output.  The  newly  selected  site  will  then  begin  transmitting 
and  perform  the  time  transfer. 

Eventually  the  site’s  PC/AT  will  determine  that  time  has  elapsed  and  set  the  modem  to  mode  two. 
At  this  point  each  site  can  proceed  to  process  its  data. 


TRANSMITTING  AND  RECEIVING  DATA 

The  data  to  be  tiansmitted  and  received  are  placed  in  dual  port  memory.  There  is  enough  dual  port 
memory  allocated  for  fifty  seconds  of  data  transmission.  Twenty-five  seconds  of  data  is  available 
for  receiving.  This  is  obviously  not  enough  for  a  300  second  time  transfer.  A  technique  called  a 
circular  buffer  has  been  implemented  with  the  memory. 

The  memory  for  transmitting  data  is  preloadcd  with  auxibary  data.  The  digital  signal  processor, 
when  in  mode  ten,  transmits  the  data  over  and  over.  The  preloaded  data  is  repeatedly  trans¬ 
mitted  every  fifty  seconds.  Various  preallocated  locations  in  the  data  message  are  updated  with 
measurements  and  a  time  tag  every  second. 

On  the  receiving  side,  the  data  being  stored  is  written  over  every  twenty-five  seconds.  Since  each 
second  brings  a  new  measurement,  the  data  has  to  be  saved  before  it  is  overwritten,  The  PC/AT 
monitors  the  receive  data  buffer  and  saves  the  data  every  twenty-five  seconds.  During  the  time 
transfer,  the  PC/.4T  saves  the  data  in  its  memory.  After  the  time  transfer,  the  data  is  saved  to 
disk. 


Testing 

Preliminary  tests  on  the  modem  have  been  conducted  but  have  not  been  completely  analyzed. 
These  tests  were  both  bench  and  satellite  tests.  Additional  tests  are  planned  to  investigate  known 
problems  and  to  study  temperature,  signal  level  and  cross  correlation  problems. 

The  bench  test  used  four  different  configurations  of  clocks  and  cabling.  Stability  and  range  rate 
sensitivity  were  investigated  by  using  common  or  separate  clocks.  The  70  MHz  cabling  between 
the  modem  on  the  bench  used  both  common  and  independent  connections  to  investigate  the  cross 
correlation  effects  of  the  two  signals.  All  bench  test  were  done  with  very  strong  signal  levels  to  look 
at  systematic  effects.  Refer  to  Tables  two  and  three. 

Preliminary  satellite  tests  were  conducted  with  two  modems  and  one  VS  AT  to  ease  coordinate 
problems.  The  test  u.sed  a  common  clock. 

The  datn  from  each  modem  and  the  combined  modem  data  was  examined  for  residual  noise  by 
performing  a  least  squares  linear  fit.  The  residual  noise  was  calculated  and  plotted. 
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Results 


In  the  single  oscillator  bench  test,  the  residual  plots  showed  a  clean  straight  line  without  a  slope. 
The  rms  niodeni  noise  was  less  than  100  picoseconds.  (Figures  1,  2,  and  3). 

In  the  dual  clock  test,  the  modems  have  their  own  oscillator.  The  resulting  plot  showed  the  noise 
was  not  white.  The  use  of  two  cables  for  modem  communication  did  not  change  the  data.  The 
level  of  this  problem  was  about  1  nanosecond  peak  to  peak  and  about  the  same  on  both  modems. 
It  is  not  known  if  this  is  a  hardware  or  software  problem.  (Figures  4,  5,  and  6). 

Data  from  the  satellite  test  showpd  a  parabola  on  both  modems,  this  showed  the  presence  of  an 
acceleration  term  in  the  range  and  did  not  appear  in  the  combined  data.  The  satellite  test  showed 
an  anomaly  only  in  the  data  from  the  right  modem.  This  anomaly  is  not  a  cross  correlation  problem 
because  the  code  was  generated  by  the  same  clock  and  the  path  is  delayed  by  the  same  varying 
amount.  Without  thl.5  anomaly  the  quality  of  the  time  transfers  was  about  300  picoseconds  rms. 
( Figures  7,  8.  and  9). 


Table  2. 


TEST  # 

CLOCKS 

PATH 

FILE  NAME 

1 

ONE 

ONE  WIRE 

11111511 

2 

ONE 

TWO  WIRES 

12131411 

3 

TWO 

ONE  WIRE 

21081511 

4 

TWO 

ONE  WIRE 

21091511 

5 

TWO 

TWO  WIRES 

22141411 

6 

ONE 

SATELLITE 

11112511 

7 

ONE 

SATELLITE 

11122511 

Table  3. 

MODEM  NOISE  IN  SECONDS 

TEST 

LEFT  MODEM 

RIGHT  MODEM 

COMBINATION 

# 

LINEAR 

PARABOLA 

LINEAR 

PARABOLA 

LINEAR 

PARABOLA 

OSCILLATOR 

FIT 

FIT 

FIT 

FIT 

FIT 

FIT 

OFFSET 

1 

9.8E-11 

9.8E-11 

1..5E-10 

1.5E-10 

9.0E-11 

8.9E-11 

0. 

2 

9..3E-11 

9,2E-ll 

9.9E-I2 

8.9E-12 

4.7E-n 

4.6E-11 

0. 

3 

2.6E-10 

2.6E-1() 

2.4  E- 10 

2.4E-10 

2.6E-10 

2.4E-10 

l.lE-10 

4 

2.8E-10 

2.4E-10 

2.8E-10 

2.7E-10 

1.9E-10 

1.9E-10 

2.2E-10 

5 

2.9E-10 

2.  IE- 10 

2.0E-10 

2.0E-10 

2.7E-10 

1.4E-10 

2.8E-10 

fi 

r,.3E-10 

2.2E-10 

6.9E-10 

4.5E-10 

2.6E-I0 

2.6E-10 

2.7E-9* 

7 

r),r)E-io 

2.2E-10 

7.9E-10 

.5.5E-10 

3.1E-10 

3.1E-10 

2.6E-9* 
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Single  Clock,  Bench  Test.  Left  Modem 
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Single  Clock.  Bench  Test,  Right  Modem 
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Dual  Clocks,  Bench  Test.  Combination 
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Figure  5 
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Figure  6 


255 


Seconds 


Figure  7 

Single  Clock,  Satellite  Test,  Right  Modem 
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Noninertial  Coordinate  Time:  A  New  Concept 
Affecting  Time  Standards,  Time  Transfers  and  Clock 

Synchronization 


Steven  D.  Deines 


Abstract 

Relativity  compensations  must  be  made  in  precise  and  accurate  measurements  whenever  an  observer 
is  accelerated.  Although  many  believe  the  Earth-centered frame  is  sufficiently  inertial,  accelerations  of  the 
Earth,  as  evidenced  by  the  tides,  prove  that  it  is  technicaify  a  noninertial  system  for  even  an  Earth-based 
observer.  Dr.  Einstein  introduced  the  concept  that  time  was  essentialfy  a  fourth  component  that  could  be 
added  to  any  three-dimensional  position.  Using  the  constant  speed  of  light,  a  set  of  fixed  remote  clocks  in 
an  inertial frame  can  be  synchronized  to  a  fixed  master  clock  transmitting  its  time  in  that frame.  The  time 
on  the  remote  clock  defines  the  coordinate  time  at  that  coordinate  position.  However,  the  synchronization 
procedure  for  an  accelerated frame  is  affected,  because  the  distance  between  the  master  and  remote  clocks 
is  altered  due  to  the  acceleration  of  the  remote  clock  toward  or  away  from  the  master  clock  during  the 
transmission  interval. 

An  exact  metric  that  converts  observations  from  noninertial  frames  to  inertial  frames  was  recently 
derived.  Using  this  metric  with  other  physical  relationships,  a  new  concept  of  noninertial  coordinate 
time  is  defined.  This  noninertial  coordinate  time  includes  all  relativity  compensations.  This  new  defini¬ 
tion  raises  several  timekeeping  issues,  such  as  proper  time  standards,  time  transfer  processes,  and  dock 
synchronizations,  all  in  the  noninertial  frame  such  as  Earth. 


Background 

Relativity  compensations  must  be  made  in  precise  and  accurate  measurements  whenever  an 
observer  is  accelerated.  Noninertial  reference  frames  are  ones  that  experience  accelerations,  which 
include  rotations.  A  reference  frame  centered  on  the  Earth  would  appear  to  be  inertial,  but  the 
observation  of  the  tides  demonstrates  the  existence  of  a  force  acting  on  the  oceans.  This  force  is 
the  product  of  mass  and  acceleration,  which  proves  that  the  mass  of  the  Earth  is  being  accelerated. 
The  existence  of  the  tides  proves  that  any  Earth-centered  frame  is  not  sufficiently  inertial. 

Dr.  Albert  Einstein  accurately  assumed  that  the  speed  of  light  (i.e.  any  electromagnetic  radiation) 
in  a  vacuum  is  always  the  same  constant  for  all  inertial  frames.  He  accurately  predicted  that  a 
moving  clock  would  appear  to  run  slower  than  an  identical,  but  stationary,  clock.  Dr.  Einstein 
developed  the  concept  that  time  was  a  relative  quantity  that  essentially  is  a  fourth  coordinate 
associated  with  any  three-dimensional  position  of  a  chosen  reference  frame.  This  resulted  in  the 
definition  of  coordinate  time  unique  to  every  reference  frame. 

Conversion  of  position  and  time  coordinates  between  inertial  frames  was  accomplished 
by  Dr.  Einstein  through  the  Lorentz  transformation.  The  current  practice  in  relativity  science  is 
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to  use  comoving  inertial  reference  frames  to  match  a  noninertial  reference  frame  and  then  apply 
the  Lorentz  transformation  to  convert  observations  from  one  inertial  frame  to  another. 


Only  recently,  an  exact  transformation  which  converts  observations  from  noninertial  frames  to  iner¬ 
tial  frames  was  clerived[l].  This  was  developed  by  Dr.  Robert  Nelson,  and  this  transformation  will 
be  designated  as  the  Nelson  transformation  to  eliminate  confusion.  The  metric  for  an  accelerated, 
rotating  frame  has  been  derived  as: 


A  ■  p 

2 

'u)  X  p’ 

goo  =  - 

1  +  2 

+ 

1  c2 

goj  = 

gij  = 


Definition  of  Noninertial  Coordinate  Time:  A  New  Concept 

The  Nelson  metric  was  modified  in  the  goo  term  to  include  gravity  effects[2]  from  the  post- 
Newtonian  approximation  as  follows: 

2  4 

goo  =  -1+  Soo  +  Soo  +  •  •  •  =  ~  2^ -f  . . .  (1) 

One  fundamental  property  that  remains  invariant  in  relativity  regardless  of  the  reference  frame  is 
“proper  time,”denoted  here  as  r.  The  proper  time  of  an  object  is  defined  as  the  time  measured  by 
an  ideal  clock  attached  to  the  moving  object[3].  An  invariant  equation  relates  coordinate  time  {t) 
and  coordinate  position  (A)  with  proper  time  (r). 

(c  dr)^  =  (c  dt)^  —  dx^  -  dy^  -  dz^  (2) 


To  facilitate  the  use  of  the  relativity  equations,  the  modified  Nelson  metric  and  the  proper  time 
used  in  Equation  2  liave  been  converted  from  Einstein’s  repeating  Roman  index  notation  to  the 
more  familiar  vector  notation.  The  modified  Nelson  metric  (Equation  1)  was  inserted  into  the 
invariant  equation  (Equation  2).  Equation  3  was  completely  derived[4]  using  Equations  1  and  2. 


dr  = 


1 


’? 

2 

A  •  p1 

24> 

v-V 

d - 2 - 

dt  (3) 

c^ 

c 

where 

=  the  sum  total  of  each  gravitational  potential  at  the  remote  clock’s  location 
as  contributed  by  each  measurable  mass  source.  For  locations  near  or  on  the 
Earth’s  surface,  <1>  =  g{(b)h  as  defined  below. 

T  =  the  proper  time  of  the  noninertial  Earth  at  the  geoid. 

A  =  the  acceleration  vector  of  the  remote  clock  in  the  chosen  inertial  reference 

frame. 

V  =  the  velocity  vector  of  the  remote  clock  in  the  chosen  inertial  reference  frame. 

I’  =  the  velocity  vector  of  the  master  clock  in  the  cho.sen  inertial  reference  frame. 
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the  remote  clock’s  geodetic  latitude  relative  to  Earth’s  geoid  if  that  clock  is 
near  or  on  the  Earth’s  surface. 

the  perpendicular  gravity  constant  at  the  remote  clock  at  the  Earth’s  surface, 
which  is  a  function  of  the  geodetic  latitude  (j)  of  the  remote  clock’s  location, 
the  altitude  of  the  remote  clock  above  the  Earth’s  geoid  for  applications 
when  that  clock  is  on  or  near  the  Earth’s  surface. 

the  speed  of  light  (i.e.  any  electromagnetic  radiation)  in  a  vacuum  of  an 
inertial  frame. 

the  range  vector  from  the  remote  clock  to  the  master  clock  in  the  inertial 
reference  frame. 

the  noninertial  coordinate  time  of  the  remote  clock  at  reception. 


I'Joninertial  coordinate  time  is  therefore  defined  as  a  function  of  proper  time  of  the  remote  clock  in 
the  noninertial  frame.  The  square  root  term  in  Equation  3  includes  the  relativity  contributions  for 
nongravitationaJ  accelerations  ^  ,  gravity  ^  ,  and  velocity  This  square  root  term  is  the 

time  dilation  factor  that  will  always  exceed  the  value  of  one  for  a  noninertial  frame.  So,  division  of 
this  factor  into  proper  time  yields  the  noninertial  coordinate  time  interval,  which  is  always  smaller 
than  the  proper  time  interval. 


Noninertial  coordinate  time  is  the  time  given  by  a  fixed  remote  clock  in  a  noninertial  reference  frame 
synchronized  to  a  fi.xed  master  clock  in  that  frame,  which  includes  all  relativity  compensations.  Even 
the  theorization  of  all  the  relativity  compensations  in  a  noninertial  frame  was  not  possible  before 
the  advent  of  the  Nelson  metric,  and  only  assumptions  and  approximations  for  these  relativity 
compensations  have  been  previously  available. 


Conclusions 

Based  on  the  new  definition  of  noninertial  coordinate  time,  a  reexamination  of  several  timekeeping 
issues  is  warranted.  A  few  of  these  issues  include  the  proper  time  standard,  the  time  transfer 
process  and  the  clock  synchronization  procedure,  all  in  a  noninertial  frame  (e.g.  the  Earth). 

Inertial  coordinate  time  standards  (e.g.  TAl),  which  are  based  on  time  calibrations  in  an  inertial 
frame,  beat  faster  than  a  moving  proper  time  standard,  which  undergoes  time  dilations  in  its 
noninertial  reference  frame.  Theoretically,  the  leap  second  between  TAI  and  UTl  standards  may 
be  the  result  of  this  difference.  Work  is  ongoing  to  quantify  what  portion  of  the  leap  second  is  due 
to  differences  between  inertial  and  noninertial  coordinate  times.  It  is  recommended  that  a  study 
be  initiated  to  determine  whether  the  current  atomic  time  standard,  which  is  correctly  defined  for 
an  inertial  reference  frame,  is  appropriate  in  Earth’s  noninertial  frame. 

Time  transfers  are  currently  done  between  two  remote  precise  time  stations  that  simultaneously 
observe  a  satellite  time  transmission.  Time  transfers  determine  the  time  differences  between  stations 
\  and  B  without  having  to  transport  physical  clocks  for  comparison.  Global  Positioning  System 
(GPS)  time  transfers  use  a  GPS  time  receiver  to  get  a  coordinate  time  at  reception.  The  time 
transfer  equation  is  [A-t^}]  -  [B-tg]  =  -  B  when  t,4  =  tg  at  equivalent  time  marks.  The  local 
proper  times  of  the  atomic  clocks  are  A  and  B,  respectively,  and  t^  and  tg  are  the  noninertial 
coordinate  reception  times  from  GPS  receivers. 

Time  iransiers  are  aiso  aiTecied  by  Earth’s  rotation.  The  Earth’s  geoid  is  a  theoretical  construct 
where  all  ideal  clocks  will  beat  at  the  same  rate.  However,  even  on  the  geoid,  the  nongravitational 
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relativity  effects  have  first  and  second  order  dependence  on  the  velocity  of  the  local  clocks  in  the 
noninertiaJ  local  frame.  The  time  transfer  relationship  between  a  satellite  clock  (e.g.  CJPS)  and  the 
fixed  local  clocks  not  on  the  geoid  of  the  rotating  Earth,  has  been  derived.  The  Earth’s  gravity, 
the  rotational  acceleration  and  tangential  velocity  were  inserted  into  Equation  3  to  yield: 


tops 


,  gWh  (cb  X  -{UX  ^geoid)^ 

^  c2  2c2 


t  + 


u  X  R  -  p 


(4) 


where  /Igeoid  is  the  position  vector  where  receiver  would  be  on  the  geoid  if  the  receiver  had  no 
altitude. 


Equation  4  is  used  to  compute  the  noninertial  coordinate  times  t  for  the  two  remote  stations  for  t^ 
and  tg.  The  transmission  time  from  the  GPS  satellite  is  t^pg,  and  t  is  the  noninertial  coordinate 
time  at  reception  for  the  local  clock.  When  the  noninertial  coordinate  time  t^  equals  tg,  the  time 
transfer  algorithm  correctly  gives  the  difference  in  proper  times  of  A  and  B  of  the  two  clocks. 


The  last  term  in  Equation  4  is  equivalent  to  the  Sagnac  effect,  which  corrects  for  the  first  order 
change  in  the  geometric  range  as  the  clock  moves  toward  or  away  from  the  satellite  during  the  time 
interval  of  transmission.  Two  new  relativity  compensations  in  Equation  4,  which  were  not  previ¬ 
ously  included  in  GPS  time  transfers,  affect  the  noninertial  coordinate  time  t.  The  gravitational 
effect,  is  due  to  the  additional  change  in  gravity  due  to  the  altitude  h  as  compared  to  the  ex- 


lix  R 


uixR, 


pected  gravity  in  GPS  at  the  Earth’s  geoid.  The  nongravitational  effect,  ^ 
is  difference  in  the  expected  tangential  velocity  due  to  Earth’s  rotation  as  compared  to  the  expected 
tangential  velocity  in  GPS  at  the  Earth’s  geoid.. 


It  is  assumed  that  the  current  GPS  receivers  correct  for  the  geometric  range,  which  is  the  last  term 
in  Equation  4.  The  additional  gravitational  effect  for  an  atomic  clock  2000  meters  above  the  Earth’s 
geoid,  would  result  in  a  drift  rate  of  2.18  x  10“'^  s/s  or  18.8  ns/day.  The  nongravitational  drift 
rate  for  an  atomic  clock  affected  by  Earth’s  rotation  when  elevated  2000  meters  above  the  geoid 
at  the  equator  would  be  7.55  x  10~'^  s/s  or  0.06  ns/day.  Such  offsets  in  frequency  contributions 
may  currently  be  attributed  to  mechanical  errors  in  the  clocks  rather  than  these  uncompensated 
relativity  effects. 


Clock  synchronization  is  simple  to  perform  in  an  inertial  frame,  and  all  stationary  clocks  will  beat 
the  same  for  both  proper  and  coordinate  time.  Clock  synchronization  in  an  inertial  frame  is  simply 
accomplished  by  : 


^remote  —  ^transmitted  master  time  T 


distance  between  remote  and  master 
speed  of  light 


However,  with  a  noninertial  frame,  clock  synchronization  between  a  master  clock  and  a  remote 
clock  at  rest  must  be  accomplished  differently.  The  distance  that  the  master  clock  transmission 
must  travel  to  the  remote  clock  varies,  because  the  remote  clock  can  be  accelerated  toward  or 
away  from  the  master  clock  during  the  transmission  interval.  In  general,  the  noninertial  master 
flock  beats  will  fluctuate  differently  from  the  noninertial  remote  clock  rate,  compared  to  the  steady 
l)eat  of  any  synchronized  inertial  clock.  To  perform  clock  synchronizations  in  a  noninertial  frame, 
Equation  3  must  be  used  to  convert  proper  tinu'  of  a  remote  noninertial  clock  to  its  noninertial 
coordinate  time.  Only  then  will  the  remote  noninertial  clocks  be  synchronized  to  the  noninertial 
master  clock  in  that  frame. 
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In  summary,  noninertial  coordinate  time  includes  all  the  relativity  compensations  required  with  a 
noninertial  reference  frame.  Since  the  Earth-centered  frame  is  not  sufficiently  inertial,  the  potential 
applications  for  noninertial  coordinate  time  are  far-ranging.  Timekeepers  concerned  with  optimium 
accuracies  would  achieve  substantial  improvements  by  using  this  concept. 
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Abstract 

The  popular  3-cornered  hat  method  used  for  evaluating  the  noise  contributions  of  individual  fre¬ 
quency  standards  is  revisited.  This  method  is  used  in  several  cases,  but  sometimes  the  results  are  not 
consistent  because  one  or  more  estimated  clock  variances  turn  out  to  be  negative.  Different  causes  of 
this  unacceptable  result  have  been  conjectured:  among  them  one  regards  the  hypothesis  of  uncorrelated 
clocks,  essential  in  this  method.  Since  recently  realistic  cases  of  correlation  between  clocks,  mainly  due 
to  the  environmental  conditions,  have  been  observed,  this  paper  proposes  an  entirefy  revisited  version  of 
the  3-comered  hat  method  which  permits  to  evaluate  the  individual  variances  and  also  the  possible  co- 
variances  between  clocks,  by  relaxing  the  hypothesis  of  uncorrelation.  The  uncertainty  and  the  lack  of 
contemporaneity  of  the  measurement  series  are  assumed  to  be  negligible.  The  lack  of  the  uncorrelation 
hypothesis  calls  for  a  more  general  mathematical  model  leading  to  an  underdetermined  linear  system. 
The  estimates  of  the  (co)variances  of  the  measurement  series  as  well  as  those  of  the  individual  clocks 
are  introduced  by  means  of  the  scalar  product  of  the  related  time  series  and  arranged  in  the  respective 
covariance  matrices  S  and  R.  Since  covariance  matrix  is  positive  definite  by  definition,  the  problem 
con.sists  in  estimating  the  unknown  R,  subject  to  the  constraint  of  positive  definiteness,  from  the  known 
S.  Unfortunately,  this  constraint  is  not  sufficient  to  estimate  R  Therefore  a  suitable  optimization  crite¬ 
rion  is  proposed,  which  assures  the  positive  definiteness  of  R  and,  at  the  same  time,  minimizes  the  global 
correlation  among  clocks.  Examples  of frequency  instability  measurements  processed  by  the  “classical”  3- 
cornered  hat  method  and  the  here-revisited  method  are  presented  showing  that  the  solutions  are  identical 
only  when  the  uncorrelation  hypothesis  doesn't  violate  the  positive  definiteness  of  R. 
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1  INTRODUCTION 


The  evaluation  of  frequency  standards  is  performed  by  comparing  two  or  more  of  them  and  mea¬ 
suring  differences  in  their  signal-'.  Results  depend  on  the  simultaneous  contributions  of  all  the 
standards  and  it  is  often  desirable  to  estimate  the  noise  contributions  of  the  single  units.  In  the 
past  years,  this  problem  has  been  considered  in  several  papers,  which  introduced  the  popular  '‘3- 
cornered  hat"  method  [l],  successively  extended  to  N  clocks  [2,3,4]  and  further  investigated  in 
[5,6].  In  nil  thf  aborn  papers,  a  Imsic  hypothesis  consists  in  considering  all  the  clocks  uncorrelated. 

In  ihe  classical  3-cornered  hat  method,  three  clocks  are  considered,  three  series  of  time  differences 
between  all  the  [)ossible  pairs  are  measured,  and  their  variances  are  estimated.  Three  linear  equa¬ 
tions  are  then  written,  which  tie  the  three  unknown  variances  of  the  single  clocks  to  the  known 
variaiKes  of  the  time  differences.  In  this  way,  a  uniquely  solvable  system  is  obtained  [1],  If  more 
than  three  clocks  are  compared,  such  a  system  becomes  overdetermined  because  the  number  of 
possible  pairs  exceeds  the  number  of  clocks.  In  this  case,  it  has  been  suggested  either  to  deal  with 
different  triads  of  clocks  and  then  combine  the  results  in  a  (weighted)  average  [l],  or  to  utilize  the 
clocks  together  with  a  least  squares  technique  [2,3]. 

Independently  of  the  number  of  clocks,  a  more  crucial  problem  arises:  the  estimated  clock  variances 
can  turn  out  to  be  negative.  In  such  a  rase  it  has  been  suggested  to  use  the  absolute  value  [2]  or 
to  consider  vanishing  a  variance  that  should  turn  negative.  However  these  tricks  are  not  justified 
by  any  theoretical  consideration. 

S'everra!  questions  related  to  the  statistical  processing  of  these  measurements  and  the  causes  of 
ni'gative  estimated  variances  are  still  open: 

1.  Uncertainty  in  the  measured  time  differences. 

If  the  noise  of  the  measuring  device  is  not  negligible,  it  adds  a  term  in  the  variance  of  the 
measured  time  differences  and  the  linear  system  is  not  longer  deterministically  solvable  [4,5]. 
To  the  authors'  knowledge,  this  uncertainty  is  negligible  in  most  cases,  particularly  in  high 
resolution  measurements.  The  case  can  be  different  if  the  clocks  are  compared  at  a  distance, 
through  a  synchronization  link,  but  the  synchronization  noise,  usually  corresponding  to  a 
white  phase  noise,  can  often  be  suitably  modeled  and  filtered. 

2.  Lack  of  contemporaneity  of  measurements. 

In  this  case,  the  contribution  of  each  clock  cannot  be  considered  the  same  in  each  difference 
measurement  [5,6].  However,  the  lark  of  contemporaneity  of  the  different  measurements  is 
negligible  when  the  integration  times  over  which  the  stability  is  to  be  estimated  are  far  longer 
(days)  than  the  shift  in  time  of  the  beginning  of  the  different  measurements  (seconds). 

3.  Low  number  of  measured  samples. 

In  this  rasf'.  a  sfaf istically  significant  characterization  of  the  involved  noises  is  not  ensured 
[5,10].  The  low  number  of  statistical  samples  remains  an  open  question  because  it  gives  a 
low  contidence  on  the  estimates  and  particular  care  is  to  be  paid. 

t.  Correlation  between  clocks. 

In  recent  years  cases  of  correlation  between  clocks,  mainly  due  to  the  environmental  condi¬ 
tions,  have  been  detected  [8-18].  Different  methods  have  been  used  to  evidence  correlation 
between  clocks  aiifl  the  discussion  is  still  lively  also  in  understanding  which  is  the  clock  com- 
[lonent  responsible  for  the  effect  but,  in  each  case,  an  appreciable  presence  of  correlatioti 
between  (lock  (lata  has  been  pointed  out. 


To  the  authors’  knowledge,  cases  of  negative  estimated  variances  appear  even  when  there  are  several 
measured  samples  and  causes  1)  and  2)  above  are  certainly  to  be  excluded.  Usually,  the  problem 
appears  over  long  integration  times  (months)  where  correlated  noise  can  become  significant  but,  in 
the  same  time,  not  easy  to  be  modeled  and  previously  depurated  [18]. 

This  work  lifts  the  assumption  of  uncorrelation,  all  in  considering  negligible  the  causes  indicated 
in  points  1  and  2  above,  and  proposes  a  new  method  which  formulates  an  underdetermined  but 
consistent  system  of  equations  involving  variances  and  covariances  (jointly  denoted  as  (co) variances) 
between  individual  clocks.  In  order  to  estimate  clock  (co)variances,  the  (co)variances  of  the  measure 
series  are  also  introduced  and  arranged  in  positive  definite  covariance  matrices,  implicitly  assuring 
the  positiveness  of  the  variances.  With  3  clocks  the  uncorrelation  hypothesis  leads  to  a  uniquely 
solvable  linear  system,  while  the  lack  of  this  hypothesis  leads  to  an  underdetermined  linear  system 
of  three  equations  in  six  unknowns.  A  method  to  solve  this  underdetermined  system,  subject  to 
the  constraint  of  positive  definiteness  of  the  clock  covariance  matrix,  is  proposed. 


2  STATEMENT  OF  THE  PROBLEM 

The  statistical  tool  useful  to  characterize  stability  is  the  variance  estimated  by  means  of  the  available 
measured  data.  Let  us  denote  x'  the  signal  of  the  z-th  clock  and  =  1, 2, . . . ,  M)  its  samples 
at  the  time  instants  ti,  ti,  ...,  f.y/.  The  M  samples  can  be  represented  as  the  vector  x‘  = 
[jj  ^2  . .  ,  where  superscript  T  denotes  transposition.  The  estimate  of  the  expected  value  of 

x''  is 


M 

x^  =  S[x‘]  =  (1/M)Y^x\  (1) 

fc=i 

which  is  arranged  into  a  vector  of  M  coincident  elements  x'  =  [x’x‘ . . .  With  these  notations 
the  estimated  (co)variances  r^j  of  x'  and  x-’  are: 

Uj  =  ^[(x'  -  x‘)(x'^  -  i--')]  =  [1/(M  -  l)](x‘  -  x')^(x^  -  x^)  ij  =  1,  2,  3  (2) 

When  i  =  j.  r,j  represents  the  variance  of  the  i-th  signal,  otherwise,  it  represents  the  covariance 
between  the  f-th  and  j-th  signals. 

In  the  case  of  frequency  standards,  measured  data  are  often  filtered,  for  instance,  introducing  the 
All  an-variance.  In  the  following,  the  general  case  of  a  signal  x'  will  be  dealt  with,  whatever  may 
have  been  its  previous  filtering,  in  order  to  obtain  a  procedure  applicable  in  all  cases. 

In  clock  stability  characterization,  the  physical  quantities  involved  in  x'  are  time  deviations  of  the 
i-th  chjck.  Since  they  are  not  directly  measurable,  the  clock  (co)variances  r,j  play  the  role  of  the 
unknowns  to  be  evaluated.  The  available  measured  quantities  are  differences  between  the  signals 
of  pairs  of  clocks:  y‘J  =  x'  —  .  When  one  of  the  three  clocks,  for  instance  clock  #3,  is  chosen 
as  the  reference  and  it  is  compared  at  M  different  instants  with  clocks  #1  and  #2,  two  distinct 
mea.sure  vectors  y'^  =  x'  —  x'^  and  =  x^  —  x'^  are  obtained. 

The  novelty  here  is  that  not  only  the  variances  of  the  .signals  and  are  estimated  but  also 
their  covariance.  This  covariance  was  already  suggested  in  [4,5];  however,  full  advantage  of  it  could 
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Mot  be  taken  in  that  work,  because  of  the  uncorrelation  liypothesis.  The  estimates  of  the  above 
measure  (cojvariances  are: 

,s,,  =  (y>'  -  y^")]  i.j  =  1.  2  (3) 

where  the  index  3  of  the  reference  clock  has  been  dropped  in  s-  Sine  Sij  (j  =  1.  2)  and  r,y  (i  = 
1,  2,  3)  represent  estimates  of  variances  and  they  are  sums  of  squares,  they  are  necessarily  positive. 
On  the  contrary,  .s,j  and  i\j{i  =  1.  2,  3)0  may  be  either  positive  or  negative,  being  estimates  of 
covariances. 

In  case  of  noiseless  measurements,  when  the  covariance  .Si2  is  taken  into  account,  the  other  possible 
difference  measure  vector  y’^  =  x*  —  and  the  related  {co)variances  don’t  add  any  information 
because  they  ail  can  be  obtained  as  linear  combinations  of  sji,  .S22  and  .S12.  In  the  3-cornered  hat 
method,  the  vector  y'“  and  the  related  variance  is  used  instead  of  the  covariance  y'^,  but,  in  this 
context,  the  use  of  S12  is  more  appropriate. 

The  2x2  covariance  matrix  S  and  the  3x3  covariance  matrix  R  are  defined  as  follows: 


Substituting  the  definition  y''^ 
between  S  and  R: 


=  x' 


•Sll  •S|2 
.S]2  S22 

'‘11  '’12  ^13 

'■12  r-n  7-23 

''13  ^23  t‘33 

-  (f  =  1.  2) 


(4) 


(5) 


in  (3)  leads  to  the  following  relationship 


I !  •‘''1 2 

t’n  +  t'.33  —  ‘2  c  13 

C12  +  C33  -  Ci3  -  C23 

■‘<22 

C12  +  '■;«  -  r-,3  -  r23 

C22  +  '-33  -  ‘2r23 

from  measure  vectors  y''^  and  y^'^,  three  independent  estimated  (co)variances,  Sn,  .$22  and  S12  are 
calculated  and,  according  to  (6).  they  tie  the  six  unknowns  rn,  ri2.  C)3.  r22,  r23  and  r33  in  three 
independent  etpiations. 

I'nder  the  hypothesis  of  uncorrelated  clocks,  (6)  simplifies  to: 


•‘•’II  •‘•'12 

C|  1  +  r33 

C33 

■‘<l.-  •'<22 

C33 

C22  +  C33 

By  inspection  of  (7'i.  it  can  be  seen  that  the  uncorrelation  hypothesis  is  ai  ceptable  only  if  matrix  S 
verifif's  the  following  conditions  ensuring  the  positiveness  of  the  estimated  variances  cn,  r22  and  r33. 

.s,2  >  0  (S) 

■S,2  <  .s,! 

.S|2  <  .S22 


268 


In  such  a  case,  the  solution  of  (7),  formally  different  but  equivalent  to  that  of  the  classical  3  cornered 
hat  method  [l],is: 


?'33  =  S,2  (9) 

Til  =  •'’]]—  S|2 

'"22  =  •^22  -  -Si  2 

Moreover,  (7)  reveals  that  if  the  third  (reference)  clock  is  "‘quasi-idear'  (7-33  <C  ''11  and  7-33  ^ 
rjj.  then  S12  <C  sn  and  S12  <C  and  S.  as  well  as  R,  can  be  considered  diagonal.  So,  if  S 
is  almost  diagonal,  the  reference  clock  is  of  high  quality  and  by  changing  reference  clock  we  can 
get  ati  idea  of  which  of  the  clock  is  less  noisy  because  it  will  result  in  a  matrix  S  with  minimum 
off-diagonal  terms.  On  the  contrary,  when  the  values  of  sn.  *22  and  S]2  fire  clos,  the  variance  r33 
is  dominant  with  respect  to  the  other  variances  of  R. 

Conditions  (S)  do  not  assure  the  uncorrelation  of  all  the  clocks,  because  many  different  matrices  R 
can  be  associated  to  the  same  matrix  s  and  only  one  of  them  is  diagonal.  In  any  case,  (8)  suggest 
that  the  uncorrelation  assumption  is  reasonable.  If  one  of  (8)  is  violated,  the  classical  3-cornered  hat 
method  cannot  be  applied  and  the  (Dinplete  (non-diagonal)  matrix  R  must  be  taken  into  account. 

,\s  stated  above,  the  matricial  equation  (6)  is  underdetermined.  Some  more  reasonable  requests 
are  to  be  added  in  such  a  way  as  to  fix  the  extra  parameters  and  obtain  estimates  for  the  unknowui 
elements  of  R.  Supposing  to  know  somehow  the  three  (co)variances  7q3,  r23  and  r33  involviiig  the 
reference  clock,  the  other  (co)variances  rn.  '’22  ^12  caii  be  uni(|uely  calculated.  In  fact,  from 

(6).  the  following  exf)re,s,sion.s  are  obtained; 


''ll  =  •'‘11  - '■.33  + '-^'’la  (10) 

''12  =  •‘‘12  -  '’33  +  ''13  +  ''23 

''22  =  •‘‘22  -  '’33  + 

In  order  tf)  fix  the  values  of  the  free  parameters  7'i3,  7-23  and  r33  an  appropriate  criterion  ought  to 
lie  formulated  but  there  is  an  iiiqiortant  constraint  which  bounds  the  solution  domain  and  which 
guarantees  a  significant  result;  llu  (stuiKitid  lovariaiicf  iikiI lij- Yl  inn.'<t  bt  positive  dcjinilf. 

In  fact,  by  means  of  their  definitions  both  S  ami  R  as  any  covariance  matrix  are  positive  definite. 
Su(h  a  propmty  does  not  depend  on  the  number  M  of  samples  used  in  the  estimatioti  of  th.e 
covariance  matrix  and  it  is  shared  by  all  the  matrices  defined  as  tfie  product  of  a  matrix  times  its 
transpose,  for  this  reason  the  treatment  here  exjiosed  is  independent  of  the  particular  statistical 
tool  Used  to  CTtimate  stability,  it  holds  either  for  tin’  variance  as  in  (2)  or  for  a  different  jirocess  as 
the  ((immoiily  usi-d  two-sam[)b'  variance.  The  positive  definiteness  of  the  covariance  matrix  implies, 
e-  a  particular  case,  the  positiveness  of  its  diagonal  eb'ments,  i.e.  the  variances. 

1  he  -icalar  cotiditiotis  ensuring  [)o>itive  di’finite  matrices  rf’gard  the  posit ivetiess  of  the  hunlitig 
minors  Imt.  ^incr'  matrices  R  and  S  are  litiked  bv  (ti),  the  jxisitive  defitiit ene-,s  ol  the  utiktiowti 
m.itrix  R,  is  ensured  bt  a  uniijiie  scalar  comlition  according  to  the  followitig  projiertv; 

Property  1;  I  lie  .3x3  matrix  R.  uith  .irliiirary  /'i  ••  ait<l  with  iqi.  cjj.  t,;  obt.ntied  Irotn 
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the  positive  definite  2x2  matrix  S  according  to  (10),  is  positive  definite  if  and  only  if  the  determinant 
of  the  matrix  R,  denoted  |  R  |,  is  positive,  i.e.: 

I  R  I  =  ?■ll^22?•33  +  ‘2ri2r23ri3  -  r'l^rn  -  7'i2''33  -  >0  (11) 

The  proof  is  reported  in  [19].  It  is  also  interesting  to  note  [19]  that  the  condition  (11)  would  allow 
7’i2  =  ''13  =  '‘23  =  0  only  if  the  same  conditions  (8)  above  are  satisfied. 

The  positive  definiteness  of  matrix  R  can  be  geometrically  interpreted.  To  begin  with,  let’s  regard 
r33  as  a  known  parameter;  the  necessary  and  sufficient  condition  (11)  can  be  rearranged  as: 

522(''13  -  r33)^  -  2si2(r,3  -  r33)(r23  -  r33)  +  Sli(r23  -  ''■33)^  <  '•33I  S  I  ( 12) 

where  the  (co)variances  rn,  r22,  "12  have  been  substituted  by  (10).  This  expression  describes  the 
area  inside  an  ellipse  in  the  plane  ri3,  r23.  The  center  is  in  the  point  of  coordinates  (r33,  r33). 
The  direction  of  the  principal  axes  depends  only  on  S  and  does  not  depend  on  7-33,  because  the 
coefficients  of  the  quadratic  terms  are  independent  of  r33.  The  positive  definiteness  of  R  is  then 
fulfilled  when  the  choice  of  the  parameters  (r]3,  r23  corresponds  to  a  point  inside  this  ellipse  (for 
a  given  value  of  r33).  Fig.  1  illustrates  several  ellipses  depending  on  different  values  of  r33  for  a 
given  matrix  S.  The  geometrical  dimensions  of  the  ellipse  grow  and  the  position  departs  from  the 
origin  for  increasing  values  of 


3  CHOICE  OF  FREE  (CO)VARIANCES 

In  the  previous  section  it  was  shown  that  the  choice  of  the  free  parameters  713,  r23  and  r33  must 
always  fulfil  the  positive  definiteness  of  R.  Setting  //(r^,  r23.  r33)  =  |  R  |,  such  a  condition 
characterizes  the  domain  of  acceptable  .solutions  in  the  space  of  free  (co)variar.ces  ri3,  r23  and 
(see  ( 12)): 

//('■13.  r'2:i-  '■33)  =  '■.33I  S  I  -  ■S22(''i3  -  '■33)^  +  ‘2.Si2(ri3  -  r33)(r23  -  r33)  -  Sn(r23  -  r33)^  >0  (13) 

However,  this  condition  is  not  sufficient  to  determine  a  unique  solution  for  R  and  further  require¬ 
ments  are  therefore  necessary. 

The  leading  idea  in  defining  an  optimum  choice  for  the  free  (co)variances  is  the  hypothesis  that 
no  information  is  available  about  the  possible  covariances  between  q.Terent  clocks,  but  they  are 
supposed  to  be  low.  This  is  the  same  hypothesis  of  the  “classical"  method,  but  instead  of  forcing 
the  solution  of  completely  uncorrelated  clocks,  the  solution  of  minimum  correlation,  compatible 
with  the  positive  definiteness  of  R,  is  sought.  Therefore  the  here-proposed  solution  should  coincide 
with  the  "classicar'  one  (9),  when  the  positive  definitene.ss  of  R  (11)  is  safeguarded. 

To  this  aim,  the  quadratic  mean  covariance  y(  r'j(^  -|-  r'f.,  -1-  )/3  is  defined  as  a  measure  of  the  global 

covariance  among  clocks.  .According  to  (10).  it  can  be  ex-pressed  a.s  a  function  of  ;  i3.  r23  and  r-ci: 


['''■('■13.  rj'i.  r-n)]^  =  ( ''^2  + '‘m  +  '■:t3)/-< 


(11) 
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=  [2(7‘i3  -  T’33)^  +  2(/'i3  —  +  ‘iri.-j  -  rxiirxA  -  rj.i)  +  '^(''23  -  ''in)' 

+  2(2r33  +  Si2)(?‘i3  —  r33)  +  ■2C2r33  +  .Sl2)(7’23  -  ^’33)  +  '■^'■.33 

+  (•S12  +  r33)^]/3 

From  experience,  it  can  be  assumed  that  the  global  covariance  can  be  different  trom  zero  but,  on 
the  other  hand,  not  too  high.  In  fact  a  full  correlation  between  two  clocks  would  imply  that  their 
signals  are  coincident,  apart  from  a  multiplicative  factor,  and  this  fact  is  to  be  excluded. 

To  combine  the  request  of  positive  definiteness  of  the  estimated  matrix  R  (13)  and  the  minimization 
of  the  global  covariance  (14),  let  us  introduce  the  objective  function  F(ri3,  r23,  ^33): 


F’(?'13,  ?-23, 


^33)  — 


3\/l  S  |[6'(ri3,  7-23,  r33)]^ 

fl(ri3,  7-23,  r33) 


(15) 


where  the  fixed  factor  3^1  S  |  has  been  introduced  for  the  sake  of  adimensionality. 

In  the  solution  domain  F(ri3,  7-23,  r33)  represents  a  .sort  of  squared  global  correlation  and  it  is 
always  positive  or  zero;  it  is  zero  when  6’(ri3,  r23,  733)  is  zero,  in  the  case  of  full  uncorrelation.  The 
minimization  of  F{r\3,  7-23,  raa)  leads  to  a  solution  of  minimum  global  correlation  safeguarding  the 
positive  definiteness  of  the  resulting  matrix  R.  The  quantity  H(r-[3,  r23,  C33),  in  the  denominator 
of  the  objective  function  (15),  prevents  the  choice  of  the  free  (co)variances  from  falling  on  the 
boundary  of  the  feasible  domain  defined  by  (13).  Such  occurrence  would  yield  a  matrix  R  only 
positive  sernidefinite  with  a  disequilibrium  in  the  estimated  covariance  terms.  Since  no  information 
is  supposed  to  be  available  about  the  possible  covariance  between  clocks,  the  solution  with  estimated 
covariance  terms  of  similar  amount  is  here  preferred. 

Such  features  have  led  to  the  choice  of  this  objective  function  among  the  several  ones  investigated 
at  the  early  stages  of  this  work. 

One  and  only  one  global  minimum  of  F(r]3,  rj3,  r33)  exists  inside  the  solution  domain,  while 
F’(ri3.  ^23.  r33)  goes  to  infinity  on  its  boundary.  In  fact,  three-dimensional  surfaces  F(ri3.  r23,  ^33)  = 
f  (with  F  a  positive  constant)  are  associated  to  decreasing  values  of  F  going  inward  from  the  surface 
F(7'i3.  r23,  r33)  =  0  (corresponding  to  /  =  00,  until  they  collapse  to  a  single  point  corresponding 
to  the  global  minimum.  By  the  study  of  these  surfaces  [19].  the  minimization  of  F(ri3.  ^33) 
can  be  iierformed  in  a  analytical  way  supplying,  as  a  result,  the  coordinates  r]™",  and  of 
the  minimum.  The  provided  solution  coincides  with  the  “classicaf'  one  (see  (9)  )  of  uncorrelated 
clocks,  when  conditions  (8)  are  verified. 


.•\s  a  final  remark  it  should  be  added  that  this  definition  of  the  objective  function  /(crj,  7’23.  rss) 
can  be  useful  when  the  clocks  are  to  be  considered  of  the  same  quality  level  and  wlmn  there  is 
no  information  about  their  possible  correlation.  Otherwise  /•’(/’la.  r23.  C33)  coidd  be  defined  by 
introducing  a  weighting  factor  for  each  covariance  term  in  ( I  t),  if  some  reasons  for  two  clocks  to  be 
less  correlated  than  the  others  were  known.  The  less  correlated  pair  can  have  a  larger  weight  factor 
multiplying  its  envarianre  term  in  (14),  so  that  the  search  of  the  minimum  will  attribute  a  smaller 
correlation  coefficient  to  that  pair  of  clocks.  Similarly,  if  the  clock  variances  are  expected  to  he 
difb'rent,  (for  instance,  when  clocks  of  different  types  are  compared),  also  weighs  for  the  variances 
r„  can  be  introduced  in  the  minittiandutii  function  (l.a). 
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4  EXPERIMENTAL  RESULTS 


In  order  to  illustrate  the  effective  capabilities  of  the  method  here-proposed,  the  data  of  three 
commercial  cesium  beam  frequency  standards  maintained  at  lEN,  Torino,  Italy  during  the  whole 
year  1987  are  considered.  The  three  clocks,  designated  by  the  serial  numbers  12  303,  14  1230,  14 
893,  are  considered  as  the  first,  second  and  third  clock  hereafter.  The  time  difference  of  the  clock 
signals  are  measured  once  a  day  and  arranged  in  vectors  and  The  measured  samples  are 
processed  according  to  the  Allan  variance  with  overlapping  samples  for  the  integration  times  1,  2, 
•u,  10.  30,  60,  100  days. 

For  each  integration  time  the  matrix  S  is  calculated  (second  column  of  Table  1).  The  corresponding 
matrix  R,  evaluated  according  to  the  here-revisited  method,  is  reported  in  the  third  column  and 
the  (necessarily  diagonal)  matrix  R  calculated  according  to  the  classical  3-cornered  hat  method,  is 
reported  in  the  last  column. 

For  short  integration  times  (1,  2,  .5,  and  10  days)  the  results  supplied  by  both  methods  coincide. 
In  fact  the  matrix  S  doesn’t  violate  conditions  (8)  allowing  the  uncorrelated  solution  and  the 
minimization  of  the  proposed  function  leads  to  the  minimum  allowed  global  correlation. 

For  longer  integration  times,  the  uiicorrelated  solution  is  not  allowed  and  the  matrix  R  estimated  by 
the  new  method  is  not  yet  diagonal  but  gives  information  also  about  the  covariance  between  clocks. 
The  application  of  the  classical  method  to  these  cases  results  in  one  negative  estimated  variance. 
By  definition,  the  proposed  minimandum  function  (15)  leads  to  a  solution  with  covariance  terms  of 
similar  amount  because  no  weight  are  inserted  in  (15).  This  is  the  simplest  hypothesis  when  there 
is  no  information  about  the  different  clocks  and  their  noises. 


5  CONCLUSIONS 

This  paper  reports  a  revisited  version  of  the  popular  3-cornered  hat  method  suitable  for  estimating 
the  individual  clock  variances  and  covariances,  by  lifting  the  too  restrictive  hypothesis  if  uncor¬ 
related  clocks.  This  formulation  requires  the  introduction  of  covariances  of  measured  data  and  of 
clocks  arranged  in  positive  definite  covariance  matrices  and  leads  to  a  underdetermined  system  of 
e(|uation.  The  underdeterminess  has  been  resolved  by  considering  a  suitable  objective  function, 
wlioso  minimization  supplies  an  unique  solution.  Examples  of  the  application  of  the  proposed 
method  to  data  of  clocks  maintained  at  lEN,  Torino,  Italy  are  presented:  the  obtained  results  show 
that,  in  this  case,  for  long  integration  times  the  uncorrelation  hypothesis  doesn’t  hold  and  the  revis¬ 
ited  3-cornered  hat  method  provides  a  consistent  solution  of  minimum  allowed  global  correlation. 
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Table  1;  Estimated  variances  and  covariances  for  different  integration  times  of  three  clocks  maintained 
at  lEN,  Torino, Italy  during  1987.  The  matrix  elements  are  in  unit  of  10'^*. 
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Abstract 

This  paper  gives  a  summary  introduction  to  the  compact  microwave  cavity  used 
in  the  hydrogen  atomic  clock.  Special  emphasis  is  put  on  derivation  of  theoretical 
calculating  equations  of  main  parameters  of  the  microwave  cavity.  A  brief 
description  is  given  of  several  methods  for  discriminating  the  oscillating  modes.  Ex¬ 
perimental  data  and  respective  calculated  values  are  also  presented. 

INTRODUCTION 

The  volume  of  the  microwave  cavity  must  be  reduced  so  as  to  reduce  the  volume  and  weight  of 
the  hydrogen  atomic  clock.  Nowadays,  there  arc  two  methods  to  reach  the  goal.  The  first  one  is 
to  fill  the  cavity  with  material  of  high  dielectric  constant  and  low  loss.  The  second  one  is  to  ad¬ 
here  several  electrodes  outside  the  quartz  storage  bulb.  This  method  provides  more 
adaptability  in  reducing  volume,  meanwhile,  it  can  reduce  cost  of  the  microwave 
cavity. 

Since  the  microwave  cavity  adopting  the  second  method  has  a  more  complicated  structure 
it's  very  difficult  to  make  out  the  accurate  solution  by  wave  equation,  so  no  strict  solution  can  be 
derived  for  its  electromagnetic  field  distribution  up  to  now.  However,  upon  some  reasonable 
hypotheses,  it’  s  possible  to  derive  the  approximate  expressions  which  show  relations  of  resonant 
frequency  and  Q- factor  to  dimensions  of  the  cavity.  This  paper  describes  a  derivative  method 
of  the  expressions  in  detail,  and  gives  out  essential  derivation  procedure. 

We  have  manufactured  a  microwave  cavity  by  the  second  method.  Its  resonant  frequency 
meets  the  requirement  of  the  hydrogen  atomic  clock,  and  its  Q- factor  is  about  7000. 

I  Structure  of  the  Cavity 

We  have  manufactured  an  experimental  compact  cavity.  Its  structure  is  shown  in  Fig.l. 
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outer  cavity 


Figure  1.  Structure  of  the  Resonant  Cavity 

The  outer  cavity  made  of  copper  or  aluminum  is  designed  mainly  to  shield  electromagnetic 
field  of  the  electrodes.  There  is  a  quartz  bulb  in  the  outer  cavity.  It  serves  as  a  container  of 
hydrogen  atoms  and  a  supporter  of  the  electrodes  as  well.  Usually  four  electrodes  (two 
or  three  also  allowed)  arc  used,  which  arc  adhered  on  the  quartz  bulb  by  epoxy  resin. 

The  resonant  frequency  of  the  cavity  depends  on  the  dimensions  of  the  cavity  and  in  partic¬ 
ular  on  the  adhered  electrodes.  The  Q- factor  is  related  to  dimensions  of  the  cavity,  the  metal 
material  used  and  energy  loss  of  the  glue. 

There  is  a  piston  on  the  top  cover  of  the  cavity  (not  shown  in  Fig.l)  Its  function  is  to 
coarsely  adjust  the  resonant  frequency  of  the  cavity.  Three  holes  in  the  bottom  plate  arc  for 
two  coupling  rings  and  a  varactor  diode  respectively. 

II  Basic  Parameters  of  the  Resonant  Cavity 

In  the  microwave  cavity  shown  in  Figure  1,  there  arc  many  wave  modes.  The  electromagnetic 
field  structure  shown  in  Figure  2  is  similar  to  TBo,,  mode,  and  it  is  the  right  mode  required  by 
the  hydrogen  atomic  clock.  Now  we  derive  the  estimate  formulas  for  the  basic  parameters  of  the 
resonant  cavity  using  the  distribution  of  the  electromagnetic  field  shown  in  Figure  2. 
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Figure  2.  Distribution  of  the  Electromagnetic  Field 

Assume  that  the  electric  field  is  distributed  uniformly  only  between  parallel  parts  of  each  pair 
of  electrodes.  Considering  symmetry  of  the  cavity,  only  the  electromagnetic  field  distribution 
both  outside  and  in  one  region  is  shwon  in  Figure  3.  g  represents  electric  field  vector,  and  can 
be  written  as 

E  =  i,  Eo  sincot  (1) 

where  E,,  is  amplitude,  oj  is  angular  frequency,  t  is  time,  and  i^  is  unit  vector  of  y  axis. 


Figure  3.  Electromagnetic  Field  Distribution  near  the  Parallel  Parts  of  two  Electrodes 
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Let  H  represent  magnetic  density  in  area  between  the  electrodes,  let  H„  represent  mag¬ 
netic  intensity  in  area  between  the  electrodes  and  the  outer  cavity,  and  both  them  are  regarded 
as  uniformly  distributed  in  their  respective  areas.  Let  A,  =  7tro’  ,  A,  =  Jr  (R’ -  r,,')  .  According  to 
closed  characteristic  of  the  magnetic  field  line,  we  have 

A,H.=  -  A, 

H„  =i.  Ho  coscut 

^  “’A 

H..  ~  h  Ho  coscot 

a.  Resonant  Frequency 
When  the  microwave  cavity  resonates,  there  e.xist  the  following  relations 

A 

Wo  =  W,  (t)  +  W„  (t)  =w. ^  1  E  |Mv 

^  j  -  r  _ 

=  |HJMv+-^  IHJ^dv  (3) 

^  Jv„  ^  Jv„ 

where  Wj  is  the  total  energy  stored  in  the  resonating  cavity,  W,  and  arc  electric  energy  and 
magnetic  energy  in  the  cavity  respectively,  ^o  dielectric  constant  and  magnetic 

inductivity  respectively,  V  represents  the  volume  of  the  region  between  parallel  parts  of 
electrodes,  V,„  is  the  volume  of  the  cylinder  enclosed  by  the  electrodes,  V„  is  the  volume  of  the 
region  between  the  electrodes  and  the  outer  cavity. 

Referring  to  Figure  1,  expression  (3)  can  be  changed  into  the  following  expressions 

y  f-oN  to  1  h  (4) 

W„,„..=  y A,  h(l+  —  (5) 

where  N  is  the  number  of  electrodes. 

Substituting  expressions  (4)  and  (5)  into  expression  (3X  we  get  the  expression  of 


(2a) 

(2b) 

(2c) 
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As  shown  in  Figure  3,  in  the  X-axis  direction,  the  magnetic  intensity  H,„  transits  to  H,.  in 
the  region  between  parallel  parts  of  two  electrodes.  In  this  transitional  region,  magnetic  densi¬ 
ty  is  a  function  of  x  axis,  and  recorded  as  H  =i^  H(x>  According  to  differential  form  of 
Maxwell's  equations  and  expression  (1),  we  have 


—  dE  — 

V  X  H  =  £, -  =  i^  uj,  Eo  Eo  eoscut  (7) 

dl 

where  cOg  is  the  angular  frequency  when  the  cavity  is  resonating. 

In  the  transitional  region  shown  in  Figure  3,  if  the  magnetic  density  is  regarded  as  linearly 

changing,  and  the  length  of  the  transiting  region  is  ~  ,  then 


VxH  =  -T,iH« 

»  dx 


=  H(xJ-H,.,,, 

3 

T' 


—  1  A 

■  L  -rr  Ho(l  +  — ^  )  coscot 


3l 


A, 


(8) 


By  using  expressions  (7)  and  (8),  we  can  get 


(I  +  ^  ) 

E  =  ^  ^ _ 

”  3 


(9) 


substituting  expression  (9)  into  expression  (6)  and  having  A,  =  Tiro"  .  we  can  get 


CO 


0 


where  C=  — 7= —  "■  is  the  light  velocity  in  free  space. 

V  ^0^0 

b,  Q- factor 

According  to  the  definition  of  Q- factor  of  the  cavity,  we  have 


(lO) 
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(II) 


Q- 


where  Pj  is  the  power  loss  in  the  resonating  cavity.  The  energy  loss  in  the  cavity  mainly  refers 
to  the  loss  on  the  metal  surfaces.  If  the  medium  loss  can  be  neglected,  we  can  get  the 
appro.Kimatc  formula  to  calculate  P„  as  follows'" 


^  fin, I' 

**  Jt 


ds 


(12) 


where  H,  represents  the  tangential  component  of  the  magnetic  density  on  the  metal  surfaces  in 
the  cavity,  S  is  the  total  area  of  metal  surface  in  the  cavity,  Rj  is  expressed  by  the  following  for- 
mvila 


/'o 


(13) 


where  <)  is  the  skin  effect  depth  of  electromagnetic  field  in  the  metal  wall.  We  suppose  that  the 
skin  effect  depths  arc  the  same  in  all  the  metal  surfaces,  i.c.,  all  Rj  arc  regarded  as  the  same  val¬ 
ue  when  calculating  the  energy  loss  on  the  metal  surfaces, 

Wlicn  calculating  tlie  energy  loss  on  the  electrodes  surfaces,  we  also  deal  with  the  N  pieces 
of  electrodes  as  a  cylinder  tube  aproximatcly.  LctSi  represent  the  inner  surface  area  of  the  outer  cavi- 
t\,  S;  and  S,  the  outer  and  inner  surface  areas  of  the  cylinder  tube  respectively,  Sj  the  inner  sur¬ 
face  area  of  top  cover  and  bottom  plate  of  the  outer  cavity.  By  using  expression  (12)  we  get 


P  =  ( 

*  0  ' 


iiy-’  ds,+ 


mj-  ds,  + 


Js, 


mj'  + 


|I1J=  ds,  )  (14) 


Substituting  expression  (2)  into  expression  (4)  and  having  S,  =  .27rR-  ,  we  get 

P„  --n  R^h  JUrn+(r„-tR-t  Y  ^^4'  * 


(15) 


By  using  expressinns  (.^)  ,  (5\  (15)  and  (Ilf  we  can  get 
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Qo  = 


roPJo/ip 

2R, 


fft  A> 


Then  substituting  expression  (13)  into  this  one,  we  ean  get  the  final  expression  of  Qp 


1  + 


Qo- 


A. 

A, 


1  +(1  + 


R 


R- 

hr„ 


>'x>‘ 


(Ki) 


m  Judgement  of  the  Oscillation  Mode 

Besides  the  oscillation  mode  shown  in  Figure  2,  there  are  many  other  unnecessary  modes  in  the 
resonant  cavity.  No  wonder  that  identification  of  oscillation  modes  is  of  great  importance.  For 
this  purpose,  two  methods  arc  described  hereafter. 

a.  Turning  the  Direction  of  the  Coupling  Ring 

As  seen  from  Figure  2,  the  magnetic  density  is  radial  near  the  bottom  plate.  One  of  the  two 
coupling  rings  on  the  bottom  plate  is  fixed  for  excitation,  the  other  one  can  bo  turned  in  direc¬ 
tion  for  coupling.  For  the  field  distribution  shown  in  Figure  2,  the  energy  output  of  coupling 
will  be  the  largest  when  the  turnablc  ring  is  made  perpendicular  to  the  radial  direction. 

b.  Using  the  Perturbation  Theory 

From  the  perturbation  theory'^',  we  know  that  the  frequency  rises  when  a  small  piece 
of  conductor  is  placed  on  the  point  where  the  magnetic  field  is  dominant.  The  frequency  falls 
when  a  small  piece  of  conductor  is  placed  on  the  point  where  the  electric  field  is  dominant.  The 
frequency  change  in  accordance  with  perturbation  theory  can  be  got  by  placing  copper  block  in¬ 
to  the  electric  field  region  and  the  magnetic  field  region. 

In  addition  to  the  above-mentioned  methods,  other  methods  can  also  be  used  to  identify 
the  oscillation  mode  of  the  resonant  cavity.  For  example,  the  theory  of  resonant  cavity  indicates 
that  Q  is  the  highest  when  the  oscillation  mode  is  TEp,,.  The  field  structure  shown  in  Figure  2  is 
similar  to  TEp,,  mode,  so  the  Q- factor  is  high,  too. 
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CONCLUSION 


Wc  have  processed  a  resonant  cavity  according  to  the  cavity  structure  shown  in  Figure  1.  Its 
geometric  dimensions  (in  millimeters)  are  as  follows; 

r,=  50  .  R  =  75  ,  1  =  1  W  =  23 

Substituting  these  data  into  expressions  (10)  and  (16)  and  eonsidering  that  <5  =  2.2  x  10"\  wc 
get  the  following  results: 

>•„=  1.7GHz  i%  =  2nyj 
Q„= 13270 

The  test  results  of  this  cavity  are 

Resonance  frequency:  1.4GHz 
Q- factor;  7000 

An  atomic  clock  of  model  CHYMNS-1  with  a  resonant  cavity  of  such  dimensions  has  been 
developed  by  Hughes  Research  Laboratories  (HRL),  U.S.A.  The  results  measured  arc 
Resonance  frequency;  1.4GHz 
Q  — factor:  9400 

They  have  developed  a  smaller  resonant  cavity,  whose  dimensions  arc  r(,  =  25,  R  =  38,  1  =  5.3, 
\V=7.4  (the  last  two  arc  estimated  data). 

The  results  measured  arc 

Resonance  frequency:  1.4GHz 
Q- factor:  4600 

Substituting  the  dimensions  of  the  cavity  into  expressions  (lO)and  (16i  wc  get 

7,  =  1.6GHz 
Qo  =  6900 

By  comparing  the  measured  values  with  calculated  values,  wc  find  that  the  resonance  fre¬ 
quency  tallies  well,  the  Q- factor  not  so  well.  This  is  because  that  only  the  energy  loss  on  the 
metal  surfaces  is  calculated  when  deriving  the  Q-facotr  formula,  but  the  loss  on  the  expoxy  res¬ 
in  is  not  taken  into  account.  Wc  can  consider  the  Q  value  calculated  by  the  expression  (16)  is 
the  highest  value  for  this  type  of  resonant  cavity.  The  Q  value  of  the  cavity  of  American  URL, 
however,  is  higher  than  ours,  which  indicates  that  fineness  of  metal  they  processed  is  higher  than 
ours,  and  the  glue  they  used  to  adhere  the  electrodes  may  be  better  in  the  respect  of  energy 
loss. 
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Based  on  the  data  comparison,  we  can  take  expressions  (10)  and  (16)  as  basis  of  designing 
this  type  of  resonant  cavity,  so  as  to  greatly  reduce  the  blindness  in  designing. 
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Abstract 

An  extensive  statistical  analysis  has  been  undertaken  to  determine  if  a  correlation  exists  between 
changes  in  an  NR  atomic  hydrogen  maser’s  frequency  offset  and  changes  in  environmental  conditions. 
Data  have  been  acquired  over  the  past  20  months  by  recording  the  frequency  offset  of  three  NR  atomic 
hydrogen  masers  along  with  the  relative  and  absolute  humidity,  barometric  pressure,  and  ambient  tem¬ 
perature  of  the  laboratory  in  which  the  masers  are  maintained. 

Correlational  analyses  have  been  performed  comparing  barometric  pressure,  humidity,  and  temper¬ 
ature  with  maser  frequency  offset  as  functions  of  time  for  periods  ranging  from  5.5  to  17  days.  Semi 
partial  correlation  coefficients  as  large  as  -0.9  have  been  found  between  barometric  pressure  and  maser 
frequency  offset  for  data  covering  periods  as  long  as  a  week.  Maser  frequency  offset  and  barometric  pres¬ 
sure  were  consistently  found  to  change  simultaneous^.  The  correlation  between  humidity  and  frequency 
offset  is  less  predictable,  and  the  resulting  semi  partial  correlation  coefficients  were  usually  small  when 
compared  with  those  derived  from  the  relationship  between  pressure  and  frequency  offset.  The  time  delay 
between  changes  in  humidity  and  correlated  changes  in  maser  frequency  offset  ivas  found  to  vary  exten¬ 
sively  with  no  predictable  pattern.  Analysis  of  temperature  data  indicates  that,  in  the  most  current  design, 
temperature  does  not  significantly  affect  maser  frequency  offset  in  the  laboratory  environment. 

Thus,  the  results  of  the  analyses  disclose  a  significant  statistical  correlation  between  changes  in  maser 
frequency  offset  and  changes  in  barometric  pressure.  The  statistics  also  reveal  some  correlation  between 
humidity  and frequency  offset,  but  for  reasons  to  be  discussed,  the  effects  of  humidity  should  be  considered 
secondary  to  the  effects  of  changing  barometric  pressure. 


INTRODUCTION 

The  NR  atomic  hydrogen  maser  has  proven  to  be  one  of  the  most  a^^nratp  time  and  frequency 
references  available  for  use  in  the  laboratory  and  in  the  field.  The  NR  maser  derives  its  stable  fre¬ 
quency  reference  from  electronic  observation  of  the  hyperfine  transition  of  atomic  hydrogen,  which 
occurs  at  a  frequency  of  1  y|?n40.'>7.'iis  riHz[1].  T^«  n»r-«'.v  rr;’''rr'’'vev"  resonance  line  characteristic 
of  the  hyperfine  transition  is  observed  using  an  electromagnetic  resonant  cavity  operating  in  the 
TRioii  mode.  The  resonant  cavity  consists  of  a  metallic  cylinder  with  adjustable  top  and  bottom 
endplates.  The  movable  endplates  are  used  to  adjust  the  cavity  length  for  coarse  tuning  of  the 
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resonant  frequency.  The  cavity  resonant  frequency  is  fine  tuned  by  controlling  the  temperature  of 
the  cavity  walls  within  10“*^  K. 

Using  superheterodyne  techniques,  a  5  MHz  crystal  oscillator  is  phase  locked  to  the  signal  coupled 
from  the  resonant  cavity.  The  oscillator  output  reflects  the  long-term  stability  (greater  than  100  s) 
of  the  maser  as  determined  by  its  large  atomic  line  Q  (1.33  X  10®).  Under  optimal  conditions,  the 
NR  maser  typically  exhibits  a  frequency  offset  of  a  few  parts  in  10^^  over  a  24-hour  period. 

One  would  expect  changing  environmental  conditions  to  affect  the  performance  of  any  complex 
electronic  system  adversely.  The  hydrogen  maser  is  no  exception.  Humidiiy  and  temperature 
changes  affect  the  electronic  circuitry  used  to  tune  the  microwave  resonant  cavity  to  the  hydrogen 
hyperfine  transition  frequency.  Barometric  pressure  changes  alter  the  compressive  forces  exerted 
on  the  resonant  cavity,  changing  its  resonant  frequency. 

To  gain  a  better  quantitative  understanding  of  these  environmental  effects,  a  statistical  analysis 
of  the  relationship  between  the  frequency  offset  of  the  NR  hydrogen  maser  and  the  surrounding 
environmental  conditions  was  undertaken.  In  addition  to  other  results,  two  important  conclusions 
were  derived  from  the  analysis:  (1)  a  strong  correlation  exists  between  barometric  pressure  and 
the  NR  maser’s  frequency  offset,  :nd  (2)  a  change  in  the  construction  of  the  NR  maser’s  resonant 
cavity  has  eliminated  temperature  fluctuations  as  a  critical  concern  in  the  laboratory. 


EXPERIMENTAL  DATA 

In  previous  generations  of  NR  masers,  the  cylindrical  microwave  resonant  cavity  was  constructed 
entirely  from  aluminum.  The  NR  maser  was  later  improved  by  enclosing  the  resonant  cavity  in 
a  cylindrical  quartz  sleeve.  In  the  present  design,  the  resonant  cavity  consists  of  a  coating  of 
conductive  silver  ink  on  the  inside  of  a  thick  quartz  cylinder.  This  arrangement  gives  the  resonant 
cavity  the  thermal  expansion  coefficient  of  a  thick  quartz  tube  as  opposed  to  that  of  the  thin 
aluminum  cylinder  used  in  the  previous  design.  This  change  reduced  the  thermal  sensitivity  of  the 
cavity's  resonant  frequency  from  30  KHz/°C  to  3  KHz/°C. 

For  the  past  20  months  the  data  acquisition  system  described  in  [2]  has  continuously  recorded  the 
environmental  conditions  and  the  frequency  offset  of  three  NR  hydrogen  mzisers.  The  system  cal¬ 
culates  maser  frequency  offset  at  five-minute  intervals  with  an  accuracy  of  parts  in  10^®.  Ambient 
air  temperature,  relative  humidity,  dew  point  temperature,  and  barometric  pressure  are  simultane¬ 
ously  recorded  by  National  Institute  of  Standards  and  Technology  (NIST)  traceable  thermometers, 
hygrometers,  dew  point  sensors,  and  barometers  with  single  measurement  accuracies  of  0.1  °C,  2%, 
0. 0.01  inch  Hg,  respectively.  The  repeatability  of  the  humidity  sensors  is  0.5%  for  the  relative 
humidity  sensor  and  0.05  °C  for  the  dew  point  sensor.  Repeatability  is  a  better  measure  of  how 
well  these  instruments  track  humidity  changes. 

Figures  l.\  through  6.\  show  the  maser  frequency  offset  and  the  offset  barometric  pressure  over 
tiiiK'  for  periods  ranging  from  5.5  to  17  days.  The  offset  barometric  pressure  was  calculated  by 
subtracting  the  measured  value  of  the  barometric  pressure,  in  inches  of  mercury,  from  30.  This  offset 
lias  i,he  effect  of  inverting  the  barometric  pressure  curve,  making  the  inverse  relationship  between 
pressure  and  frequencv  offset  visually  clear  From  th^  similarity  of  the  cui  ves  in  Figuips  lA  '^hrough 
G A.  a  significant  correlation  is  apparent  between  barometric  pressure  and  maser  frequency  offset. 

Figures  IB  through  6B  show  the  maser  frequency  offset  and  humidity  for  the  time  periods  considered 
in  Figures  lA  through  6A.  The  frequency  offset  data  in  Figure  IB  have  been  delayed  by  48  hours 
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with  respect  to  the  humidity  curve.  Similarly,  the  frequency  offset  has  been  delayed  24  hours  in 
Figure  5B.  These  time  delays  were  incorporated  to  demonstrate  that  the  humidity  shows  a  stronger 
similarity  to  the  frequency  offset  if  one  allows  for  a  time  delay  between  changes  in  humidity  and 
changes  in  frequency  offset. 

The  data  collected  during  the  past  20  months  have  been  analyzed  statistically  to  gain  a  quan¬ 
titative  understanding  of  the  effects  seen  in  the  graphical  data.  The  statistics  software  package 
CSS:Statistica  by  StatSoft,  Inc.  was  used  to  perform  all  .statistical  calculations.  Semi  partial  corre¬ 
lation  coefficients  between  the  temperature  and  frequency  offset,  the  pressure  and  frequency  offset, 
and  the  humidity  and  frequency  offset  were  calculated  (see  [3]).  The  calculations  were  made  on 
blocks  of  data  collected  over  periods  ranging  from  5.5  to  17  days.  The  square  of  the  magnitude 
of  the  semi  partial  correlation  coefficient  between  a  dependent  variable  (frequency  offset)  and  an 
independent  variable  (any  one  of  the  temperature,  pressure,  or  humidity)  gives  the  percentage  of 
the  total  variation  in  the  dependent  variable  uniquely  accounted  for  by  the  independent  variable 
with  the  effects  of  the  remaining  independent  variables  taken  into  account. 

Temperature,  humidity,  and  barometric  pressure  can  be  interrelated,  so  semi  partial  correlation 
coefficients  were  calculated  to  reduce  .he  effects  of  this  interrelation  on  the  magnitude  of  the 
calculated  coefficients.  To  allow  for  the  potential  existence  of  a  time  delay  between  a  change 
in  temperature  or  humidity  and  the  resulting  change  in  maser  frequency  offset,  the  semi  partial 
correlation  coefficients  were  calculated  three  times.  Semi  partial  correlation  coefficient  calculations 
were  performed  using  the  frequency  offset  as  it  was  measured  and  were  then  repeated  incorporating 
time  delays  of  12  and  24  hours  in  the  frequency  offset  data.  For  one  data  set  containing  17  days’ 
worth  of  data,  a  time  delay  of  48  hours  was  used. 


EXPERIMENTAL  RESULTS 

The  results  of  the  calculations  for  nine  sets  of  data  are  summarized  in  Table  1.  The  first  data 
column  shows  the  Mean  Julian  Date  (MJD)  of  the  first  day  that  data  were  recorded  for  that 
set  of  coefficients.  The  number  of  days  of  data  used  in  the  calculations  is  indicated  in  parentheses 
underneath  the  MJD.  A  minimum  of  100  data  samples  were  used  to  calculate  each  of  the  coefficients 
presented  in  the  table.  Each  data  set  consists  of  twenty-four  equally  spaced  samples  per  day  for 
every  day  considered.  The  next  three  columns  are  the  semi  partial  correlation  coefficients  between 
frequency  offset  and  temperature,  pressure,  and  humidity,  respectively. 

Each  block  of  coefficients  in  Table  1  consists  of  three  rows  of  data  displaying  the  semi  partial 
correlation  coefficients  with  time  delays  of  12  and  24  hours  added  to  most  of  the  the  frequency  offset 
data.  A  48-hour  time  delay  was  added  to  the  data  set  for  MJD  47973.  The  data  for  MJD  48189 
do  not  include  time  delay  calculations  because  the  humidity,  barometric  pressure,  and  frequency 
offset  curves  are  nearly  identical  as  measured. 

The  temperature  in  the  laboratory  where  the  masers  were  operated  was  maintained  at  23±2°C 
throughout  this  investigation.  This  is  a  level  of  control  easily  accomplished  with  a  computer  room 
air  conditioning  system.  Intimately  surrounding  the  NR  maser’s  resonant  cavity  with  the  thermally 
isolating  quartz  sleeve  ha.s  reduced  temperature-induced  frequency  offsets  to  a  second  order  effect 
(at  least  in  a  labo.uiory  environment),  and  examination  of  the  coefficients  in  the  temperature 
column  of  Table  1  is  all  that  is  necessary  to  convince  oneself  that  ambient  temperature  fluctuations 
had  no  significant  effect  on  the  performance  of  the  NR  masers  in  this  investigation.  It  is  the 
interrelation  of  the  barometric  pressure  and  humidity  with  the  frequency  offset  that  is  interesting. 
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As  is  visible  in  Table  1,  both  thf"  humidity  and  pressure  can  be  strongly  correlational  with  maser 
frequency  offset,  but  there  are  critical  differences  between  the  two  correlations.  The  humidity 
does  not  consistently  show  significant  correlation  to  the  frequency  offset;  moreover,  whenever  the 
correlation  seems  significant,  a  time  delay  of  up  to  48  hours  has  been  added  to  the  frequency  offset 
data  to  maximize  the  coefficients.  The  optimal  time  delay  is  not  fixed.  In  the  MJD  47973  data 
set,  a  48-hour  delay  maximizes  the  correlation  coefficient.  Similarly,  a  time  delay  of  24  hours  in 
the  MJD  48314  data  set  maximizes  the  semi  partial  correlation  coefficients  between  humidity  and 
frequency  offset. 

One  would  expect  that  if  humidity  changes  were  significantly  affecting  maser  frequency  offset,  the 
relation  between  the  cause  and  effect  would  be  more  consistent.  In  many  of  the  data  sets  presented  in 
Table  1,  the  semi  partial  correlation  coefficient  between  humidity  and  frequency  offset  is  insignificant 
in  comparison  with  that  between  the  barometric  pressure  and  frequency  offset  irrespective  of  the 
time  delay  used.  It  seems  probable,  therefore,  that  the  occasional  correspondence  between  humidity 
and  frequency  offset  is  being  caused  by  a  third  variable  influencing  both  the  humidity  and  frequency 
offset. 

In  all  observed  cases  where  the  humidity  shows  significant  correlation  with  the  frequency  offset, 
the  barometric  pressure  is  also  strongly  interrelated  with  the  frequency  offset.  A  meteorological 
relationship  exists  between  the  barometric  pressure  and  ambient  humidity.  It  is  this  relationship 
that  could  account  for  the  observed  correlation  between  the  humidity  and  frequency  offset.  Because 
of  the  inconsistency  and  unpredictability  of  the  correlation  between  humidity  and  frequency  offset, 
it  seems  apparent  that  what  is  being  seen  in  the  data  is  the  often  unpredictable  correlation  of 
humidity  and  barometric  pressure  in  East  Coast  weather. 

In  sharp  contrast  to  the  humidity-frequency  offset  relationship,  the  observed  barometric  pressure- 
frequency  offset  correlation  exhibits  consistency.  The  changes  in  pressure  and  frequency  offset  are 
always  observed  to  occur  simultaneously.  In  addition  to  the  data  presented  here,  correlational  anal¬ 
yses  were  performed  on  other  data  sets  in  which  the  environmental  conditions  and  frequency  offset 
were  sampled  at  5-minute  intervals.  Even  in  these  cases,  the  semi  partial  correlation  coefficients 
were  maximized  without  adding  time  delays  to  the  frequency  offset. 

The  calculated  semi  partial  correlation  coefficients  between  barometric  pressure  and  frequency  offset 
presented  in  Table  1  are  consistently  on  the  order  of  -0.7.  Correlation  coefficients  of  this  magnitude 
are  seen  for  all  sorts  of  barometric  pressure  patterns,  including  large,  rapidly  moving  low-pressure 
fronts  as  depicted  by  Figure  lA;  gradually  increasing  or  decreasing  pressures  such  as  illustrated  in 
Figures  3A  and  5A;  and  semisinusoidal  patterns  as  shown  in  Figure  4A. 

Semi  partial  correlation  coefficients  near  -0.7  are  seen  when  the  variation  in  the  pressure  is  large 
(typically  a  variation  >  0.3  inch  over  a  few  days).  The  coefficients  become  smaller,  and  the  rela¬ 
tionship  less  linear,  for  smaller  pressure  fluctuations.  This  occurs  because  NR  maser  performance 
in  stable  conditions  is  one  or  two  parts  in  10*^  over  a  24-hour  period,  and  this  is  the  magnitude  of 
the  frequency  offset  effect  one  would  expect  to  see  from  such  small  pressure  variations.  In  Figure 
lA,  for  example,  it  is  clear  that  the  barometric  pressure  is  associated  with  frequency  offsets  as  large 
as  9  parts  in  lO''*  in  response  to  the  strong  pressure  front.  During  the  first  few  days  presented  in 
Figure  lA,  where  the  pressure  variations  are  small,  the  frequency  offset  remains  in  the  small  parts 
in  10*'’  range. 

Although  correlational  analysis  cannot  prove  cause  and  effect,  the  findings  that  the  semi  partial 
correlation  coefficients  between  pressure  and  frequency  offset  are  consistently  stronger  than  -0.7 
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and  that  the  pressure  and  frequency  offset  change  simultaneously  give  good  reason  to  suspect  a 
causal  relationship  between  pressure  and  NR  hydrogen  maser  frequency  offset. 

CONCLUSION 

Since  March  1990,  the  frequency  offset  of  three  NR  hydrogen  masers  has  been  recorded  syn¬ 
chronously  with  the  environmental  conditions  in  the  laboratory  enclosing  the  masers.  Using  these 
data,  semi  partial  correlation  coefficients  were  calculated  between  maser  frequency  offset  and  var¬ 
ious  environmental  conditions  (temperature,  barometric  pressure,  and  humidity).  The  statistical 
analysis  revealed  a  strong  correlation  between  large  changes  in  the  barometric  pressure  and  changes 
in  maser  frequency  offset. 

Large  variations  in  barometric  pressure  are  consistently  associated  with  changes  in  NR  maser 
frequency  offset  as  large  as  9  parts  in  10*''.  The  correlation  is  a  negative  one,  so  decreasing  pressure 
is  associated  with  a  positive  change  in  the  frequency  offset,  and  vice  versa.  When  the  barometric 
pressure  variation  is  greater  than  approximately  ±0.3  inch  of  mercury  over  a  few  days,  the  calculated 
semi  partial  correlation  coefficients  are  consistently  near  -0.7. 
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TABLE  1 

Semi  Partial  Correlation  Coefficients  Between 
The  Temperature,  Pressure  And  Humidity, 


And  The  Frequency  Offset 


Mean  Julian 
Date 

Semi  Partial  Correlation 

Coefficients 

(#  DAYS) 

Temperature 

Pressure 

Humidity 

Frequency  Offset 

47973 

(17) 

.11 

-.75 

-.16 

Frequency  Offset  (12h) 

.12 

-.64 

.02 

Frequency  Offset  (24h) 

.12 

-.51 

.21 

Frequency  Offset  (4Hh) 

.19 

-.22 

.47 

Freciuency  Offset 

48076 

(7) 

-.01 

-.86 

-.08 

Freque2icv  Offset  (12h) 

-.24 

-.77 

Frequency  Offset  (24h) 

-.33 

-.41 

Frequency  Offset 

48094 

(6.5) 

Frequency  Offset  (12h) 

fVeciuency  Offset  (24h) 

Frequency  Offset 

48189 

(6.5) 

-.20 

.30 

Frequency  Offset 

.08 

-.88 

-.10 

Fre(niency  Offset  (12h) 

■■■ 

-.18 

-.49 

-.41 

Frequency  Offset  (24h) 

-.19 

-.48 

Frequency  Offset 

48314 

(5.5) 

-.01 

-.61 

-.22 

Frequency  Offset  (12li) 

.03 

-.31 

.10 

Frequency  Offset  (24h) 

.20 

.00 

.45 

Frequency  Offset 

48438 

(6) 

-.07 

-.61 

-.17 

Frequency  Offset  ( 12h) 

-.08 

-.33 

-.22 

Frequency  Offset  (2fh) 

-.03 

.08 

-.34 

Fretiuency  Offset 

48.540 

(7) 

.01 

-.83 

-.41 

Frequency  Offset  (12li) 

-.17 

-.61 

-.13 

Fre(|uency  Offset  (24h) 

-.29 

-.28 

-.29 

Fre(|U(Micy  Offset 

48.5.50 

(7) 

.03 

-.76 

.07 

Frequency  Offset  (12h) 

-..32 

-.25 

-.13 

Fretjuency  Offset  (24h) 

-..56 

.13 

-.07 
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Maser  Frequency  Ollset  (1  x  10“^^) 


Figure  1  A.  Maser  Frequency  Offset  and 
Offset  Barometric  Pressure  Versus  Time. 


Figure  2A.  Maser  Frequency  Offset  and 
Offset  Barometric  Pressure  Versus  Time. 


Figure  3A.  Maser  Frequency  Offset  and 
Offset  Barometric  Pressure  Versus  Time. 


Figure  1 B.  Maser  Frequency  Offset  and  Reiative 
Humidity  Versus  Time.  (Note:  The  frequency  offset 
curve  has  been  delayed  by  48  hours  with  respect 
to  the  relative  humidity  curve.) 


Figure  2B.  Maser  Frequency  Offset  and 
Relative  Humidity  Versus  Time. 


Figure  3B.  Maser  Frequency  Offset  and 
Relative  Humidity  Versus  Time. 
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Maser  Frequency  Offset  (1  x  10~’^)  Maser  Frequency  Offset  (1x10 

X.  a.  L  I  k  C  Maser  Frequency  Offset  (ixio-’-*)  i  ^  ^  ,1,  1  1 


Figure  4A.  Maser  Frequency  Offset  and  Figure  4B.  Maser  Frequency  Offset  and 

Offset  Barometric  Pressure  Versus  Time.  Relative  Humidity  Versus  Time. 


Time  (Days) 

Figure  5A.  Maser  Frequency  Offset  and 
Offset  Barometric  Pressure  Versus  Time. 


Figure  SB.  Maser  Frequency  Offset  and  Relative 
Humidity  Versus  Time.  (Note.  The  frequency  offset 
curve  has  been  delayed  by  24  hours  with  respect 
to  the  relative  humidity  curve.) 


Time  (Days) 

Figure  6A.  Maser  Freqrsncy  Offset  and 
Offset  Barometric  Pressure  Versus  Time. 
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Figure  6B.  Maser  Frequency  Offset  and 
Relative  Humidity  Versus  Time. 
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QUESTIONS  AND  ANSWERS 


Harry  Peters,  Sigma  Tau:  I  think  that  it  is  only  fair  to  point  out  that  what  yuu  are  seeing 
is  probably  cavity  fretpieiicy  variations.  This  would  not  necessarily  be  characteristic  of  a  maser 
which  uses  autotuning.  That  is,  frequency  variations  due  to  atmospheric  pressure  variations  would 
be  eliminated  in  a  maser  which  uses  cavity  autotuning,  so  this  is  not  necessarily  characteristic  of 
all  hydrogen  masers. 
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TIMESCALE  ALGORITHMS  COMBINING 
CESIUM  CLOCKS  AND  HYDROGEN  MASERS 


Lee  A.  Breakiron 
U.S.  Naval  Observatory 
Washington,  DC  20392 

Abstract 

The  USNO  atomic  timescale,  formerly  based  on  an  ensemble  of  cesium  clocks,  is  now  produced  by  an 
ensemble  of  cesium  clocks  and  hydrogen  masers.  In  order  to  optimize  stability  and  reliability,  equal  clock 
weighting  has  been  replaced  by  a  procedure  reflecting  the  relative,  time-varying  noise  characteristics  of 
the  two  different  types  of  clocks.  Correction  of  frequency  drift  is  required,  and  residual  drift  is  avoided  by 
the  eventual  complete  deweighting  of  the  masers. 


INTRODUCTION 

At  timing  laboratories,  readings  from  an  ensemble  of  clocks  are  combined  mathematically  by  some 
sort  of  algorithm  to  produce  a  rican  timescale  in  order  to  average  down  both  random  and  systematic 
errors,  thereby  increasing  overall  stability  and  accuracy,  respectively.  Also,  reliability  is  improved 
because  individual  clocks  can  be  added  as  they  become  available  or  removed  when  they  fail  or  need 
adjustment.  In  order  to  have  a  time  signal  continuously  available,  at  least  one  “master  clock”  at 
I'SNO  is  steered  in  frequency  so  that  its  time  approximates  that  of  the  mean  “paper”  timescale. 

The  optimum  algorithm  is  not  obvious  and,  indeed,  depends  on  the  needs  of  the  user,  which 
mey  favor  stability  over  accuracy,  for  example.  Algorithms  can  differ  in  their  definition  of  mean 
timescale,  in  their  clock  weighting,  in  their  use  of  filters  to  reduce  measurement  noise,  and  in  their 
methods  of  predicting  and  steering  clock  frequencies.  These  aspects  may  depend  on  the  type  of 
clocks  involved,  since  different  clock  types  have  different  noise  characteristics. 


OLD  AND  NEW  TIMESCALE  ALGORITHMS 

The  atomic  timescale  at  USNO  has  until  recently  been  based  entirely  on  an  ensemble  of  commercial 
(nearly  all  Hewlett-Packard)  cesium  frequency  standards  whose  frequencies  have  been  averaged  by 
a  linear  algorithm  and  equal  clock  weighting.  Weighting  by  inverse  .Allan  variances  was  not  found 
to  improve  stability  or  accuracy  significantly  1.  The  algorithm  employed  was  the  following: 


zt  =  zt-T  +  -  xt-rii)  +  Tri(i)]  (1) 

} 

where  Zt  is  the  difference  between  the  readings  of  the  Master  Clock  and  the  mean  timescale,  Xi{i) 
the  difference  between  the  readings  of  the  Master  Clock  and  clock  i,  Wi{i)  is  the  weight  of  clock  i. 
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and  ri{i)  is  the  rat^'  (Tiequency  in  time  gained  per  time  interval  T)  of  clock  i  relative  to  the  mean 
timescale,  all  at  time  t  [2].  rt  was  determined  by  least-squares  using  5-day  bins  of  hourly  data, 
since  over  a  span  of  5  days  oscillator  noise  can  bo  well  rnodolled  by  a  combination  of  white  FM 
noise  and  FM  random  walk  [3], 

The  new  algorithm  mentioned  in  [2],  based  on  ARIMA  prediction  modelling,  was  never  imple¬ 
mented.  Indeed,  ARIMA  modelling  was  found  to  yield  a  timescale  no  better  than,  and  often 
significantly  inferior  to,  that  generated  by  Eq.  (1),  in  spite  of  ancillary  robust  features,  apparently 
because  of  model  variations  [1].  The  apparent  inferiority  of  the  NIST  algorithm  on  the  short-term 
[1]  mav  have  been  due  to  ignorance  of  an  unpublished  rate-change  detector  and  upper  weight  limit 

[4]. 

Use  of  Eq.  (1)  assumes  constant  clock  rates,  aside  from  discrete  changes  that  are  monitored  in 
real  time  and  corrected  for  during  postprocessing.  This  leads  to  a  very  occasional  rejection  of 
an  otherwise  satisfactory  cesium  clock  because  of  a  small  frequency  drift.  More  important,  this 
algorithm  would  not  be  appropriate  for  an  ensemble  containing  hydrogen  masers  in  view  of  their 
significant,  characteristic,  and  generally  positive  frequency  drifts. 

While  Eq.  (1)  could  be  modified  to  incorporate  a  drift  term,  simultaneous  solutions  for  rate  and 
drift  of  comparable  accuracy  to  previous  solutions  for  rate  alone  would  require  data  lengths  greater 
than  5  days.  Since  solutions  for  rate  alone  are  quite  adequate  for  cesium  clocks  and  because  we 
have  found  (second-order)  solutions  for  maser  drifts  to  be  insufficiently  stable,  we  have  chosen  to 
retain  first-order  solutions  and  to  derive  drifts  from  long-term  changes  in  the  rates. 

In  the  presence  of  a  frequency  drift  dt{i),  we  have  the  following: 


rt{i)  =  n-Tii)  i-Tdt-T{i) 

xt{i)  =  Xt-T{i) -r  Tti^t  +  T^dt-T{i) 


and: 


zt  =  Zt-T  +  Wi{i)[xt{i)  -  -h  Tr._x(i)  +  1/2  T^dt-T{i) 

i 

Solving  Eq.  (2)  for  rt_T  and  substituting  in  Eq.  (4),  we  get: 


Zt  =  Zir  Wt{i)[xt{i)  -  xt^{i)  +  Trt{i)  -  l/2T^(ff_T(0 

i 


(2) 

(3) 

(4) 

(5) 


which  replaces  Eq.  (1)  as  the  USNO  timescale  algorithm. 

.Another  restriction  of  the  old  USNO  algorithm  is  its  assumption  of  a  homogeneous  ensemble  with 
regard  to  clock  types.  While  equal  clock  weighting  may  be  satisfactory  for  an  ensemble  of  cesium 
clocks,  it  would  not  be  appropriate  for  an  ensemble  of  both  cesium  clocks  and  hydrogen  masers, 
due  to  the  significantly  greater  short-term  stability  of  the  masers  compared  to  the  cesiums  and  the 
significantly  greater  long-term  stability  of  the  cesiums  compared  to  the  masers. 


298 


STABILITY  OF  THE  MEAN  TIMESCALE 


Over  the  past  21  months,  the  USNO  ensemble  has  averaged  22  ±1  equally  weighted  cesiums.  Since 
MJD  47842,  between  3  and  7  masers  have  been  added,  at  first  with  equal  weight,  each  maser  being 
retroactively  unweighted  60  days  in  the  past  so  as  not  to  introduce  a  long-term  frequency  drift. 
Our  six  SAO  masers  have  drifts  relative  to  TAI  of  from  4-0.3  to  4-3.4  parts  in  10^^/day  and  our  four 
Sigma  Tau  masers  have  drifts  of  from  4-0.1  to  4-1.3  parts  in  10'®/day  [5].  Still,  such  a  procedure 
does  not  minimize  the  noise  because  it  overweights  the  cesiums  relative  to  the  masers  in  the  short 
term. 

One  could  construct  a  timescale  based  entirely  on  masers,  determining  and  correcting  their  rates 
and  drifts  relative  to  another,  pure  cesium  timescale.  However,  the  small  number  of  masers  would 
make  its  operational  reliability  questionable,  and  the  drifts  would  be  difficult  to  determine  relative 
to  the  noisier  cesium  timescale. 

Optimal  use  of  a  given  number  of  clocks  in  a  mixed  ensemble  would  be  possible  if  the  weight  of  a 
given  maser,  relative  to  a  given  cesium,  were  allowed  to  vary  with  time  inversely  as  their  relative 
Allan  variances  vary  with  sampling  time.  This  would  require  that  the  entire  mean  timescale  be 
retroactively  recomputed  every  hourly  time  step,  rather  than  a  few  times  a  week  as  before.  Cesiums 
would  be  phased  out  with  time  (up  to  the  present)  while  the  masers  would  be  phased  in.  All  rates 
and  drifts  would  be  determined  from  a  comparison  with  a  combined  timescale  whose  long-term 
trend  would  be  detertnined  by  the  cesiums  and  whose  near-realtime  stability  would  be  determined 
by  the  masers. 

In  order  to  determine  the  weighting  function,  sigma-tau  curves  were  constructed  for  our  masers 
and  an  equal  number  of  good  cesiums.  The  intersection  of  a  typical  maser  curve  with  a  typical 
cesium  curve,  i.e.  when  their  Allan  deviations  were  equal,  was  found  to  occur  at  a  sampling  time 
of  7.5  days.  Fitting  second-order  curves  to  the  data,  we  obtained: 


logics  =  0.219x2  -  0.432X  -  13.608  (6) 

log<THM  =  0.460x2  4- 0.049X-  13.917  (7) 

where  (7cs  ihc  Allan  deviation  of  a  typical  cesium,  cthm  is  the  Allan  deviation  of  a  typical  maser, 

X  =  log  t  —  5.3,  and  t  is  the  time  difference  in  seconds  between  a  given  hour’s  measurement  and  the 

most  recent  hour.  At  f  =  0,  x  is  arbitrarily  set  to  x  at  f  =  —  1.  The  weight  of  a  maser  relative  to  a 
cesium  is  taken  to  be  the  following: 


whm/wcs  =  <^cs/<^HM  (8) 

The  relative  weights  change  from  10:1  around  the  current  hour  to  1:10  around  25  days  in  the  past 
(see  Fig.  1).  Accordingly,  in  practice,  only  the  last  25  days  of  the  timescale,  rather  than  its  entirety, 
are  recomputed  every  hourly  time  step.  Also,  the  masers  are  completely  unweighted  after  60  days 
to  prevent  the  accumulation  of  any  long-term  drift. 

Allan  deviations  were  determined  for  a  range  of  sampling  times  using  370  days  of  clock  data  and 
two  of  our  masers  as  references.  A  three-cornered-hat  analysis  yielded  the  results  in  Fig.  2.  The 
stability  of  the  old  algorithm  was  only  slightly  improved  by  the  introduction  of  masers  (at  equal 
weight  with  the  cesiums),  but  the  new  algorithm  is  significantly  more  stable  for  sampling  times 
shorter  than  11.5  days.  The  noise  at  shorter  sampling  times  is  mostly  due  to  the  old  measurement 
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system.  This  noise  will  be  reduced  from  100  to  10  ps  when  transition  is  made  to  our  new  Erbtec 
measurement  system  currently  under  test  6.  The  weighting  Eqs.  (6)  and  (7)  will  then  have  to  be 
reevaluated. 

.A  by-product  of  this  analysis  is  the  sigrna-tau  plot  for  the  reference  masers  in  Hg.  d.  Similar 
results  at  long  sampling  times  were  obtained  b_v  Powers  et  al.  [5]  using  Erbtec  data. 


REALTIME  STABILITY  AND  ACCURACY 

The  next  question  is  how  weU  this  increased  stability  in  the  mean  timescale  translates  into  realtime 
stability  on  the  part  of  a  Master  Clock  (MC).  MC  ^1  is  a  maser  that  is  steered  daily  by  an  internal 
frequency  synthesizer  tow'ard  a  linear  prediction  based  on  a  least-squares  solution  of  the  past  24 
hours  of  data,  but  with  a  10-day  damping  time  for  time  offsets  and  a  maximum  frequency  change  of 
dOO  ns/day^:  both  restrictions  are  due  to  user  requirements  for  strict  frequency  stability  and  their 
exact  values  are  currently  under  evaluation.  A  sigma- tau  plot  for  MC  #1  is  given  in  Fig.  4,  which 
shows  a  significant  improvement  using  both  the  old  and  new  mean  timescales,  when  masers  are 
incorporated,  over  use  of  the  old  mean  timescale  composed  of  cesiums  alone.  Only  if  the  steering  can 
be  improved  will  full  advantage  be  taken  of  the  new  algorithm;  this  possibility  will  be  investigated. 

While  one  measures  and  corrects  for  the  relative  rates  and  drifts  of  the  masers  and  cesiums,  some 
residual  drift  may  affect  the  timescale,  as  will  the  rate  and  drift  in  common  to  all  the  clocks.  It  is 
of  interest  to  compare  the  old  and  new  means  incorporating  masers  (never  completely  deweighting 
them)  with  the  old,  pure-cesium  mean.  Such  a  comparison  is  shown  in  Fig.  5.  The  old  and  new 
means  incorporating  masers  drift  about  -11  ns  and  -35  ns,  respectively,  over  300  days.  One  w'ould 
expect  the  new  mean  to  drift  more  because  of  the  greater  weight  of  the  masers.  In  practice,  this 
drift  never  accumulates  to  this  level  in  the  USNO  timescale  because  of  the  retroactive  unweighting 
of  the  masers  after  60  days.  If  this  unweighting  is  not  done,  such  a  drift  would  presumably  be  a 
risk  for  any  timescale  that  incorporates  masers  (e.g.  TAI). 

The  USNO  time  signal  actually  derives  from  Master  Clock  #2,  a  maser  that  was  formerly  steered 
to  the  old  mean.  Recently  it  has  been  steered  (by  an  internal  frequency  synthesizer)  to  TAI,  or 
more  specifically,  to  an  extrapolation  thereof  based  on  the  best  performing  USNO  masers.  This 
was  done  to  synchronize  UTC  (USNO)  with  UTC  (BIPM)  within  the  limits  required  by  NATO 
and  other  users.  That  being  nearly  accomplished,  MC  #:2  will  hereafter  be  steered  toward  the 
new  mean,  with  occasional  corrections  to  keep  it  within  200  ns  (or  perhaps  less)  of  TAI  (as  is  also 
done  to  MCs  #1  and  #3),  with  the  same  dampening  factor  (10  days)  and  limit  on  the  steering 
(300  ns/day^)  that  are  being  used  and  evaluated  for  MC  #1.  MC  ^3,  a  maser  steered  daily  by  a 
phase  microstepper  heretofore  to  MC  #2,  will  also  be  steered  similarly.  These  duplicative  systems 
provide  extra  reliability.  The  maser  of  each  MC  is  not  weighted  as  a  clock  unless  its  unsteered 
signal  is  available  (as  it  is  if  a  microstepper  is  used)  or  its  signal  is  corrected  for  steering. 

Fig.  6  depicts  the  drifts  of  MCs  and  relative  to  TAI.  MC  ^1  has  some  extra  noise  around 
a  sampling  time  of  10  days  as  the  result  of  its  being  steered  toward  our  mean  timescale;  for  the 
following  sampling  times,  MCs  #1  and  ^2  had  the  logarithmic  Allan  deviations  listed  below: 

Tau  (days)  MC  #1  MC  #2 

10  -13.638  -13.867 

20  -13.667  -13.700 

.30  -13.713  -13.543 


300 


Still,  steering  MC  #2  to  the  mean  has  the  advantage  of  greater  statistical  independence  from  TAI, 
which  in  turn  would  dampen  the  influence  of  fluctuations  in  TAI. 

Aside  from  checks  for  large  time  and  rate  deviations,  our  clock  measurements  are  not  filtered, 
in  order  to  have  a  near-realtime  measure  of  accuracy  and  environmental  response.  However,  the 
performance  obtained  by  this  and  the  other  procedures  described  above  will  be  compared  with 
that  obtained  by  a  Kalman-filter  algorithm  developed  by  Stein  7,8  as  part  of  continuing  effort  to 
improve  the  accuracy  and  stability  of  UTC  (USNO). 
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CORRIGENDA  TO  PREVIOUS  PAPER 

The  following  typographical  errors  should  be  corrected  in  [l]: 

p.  223,  1.  1,  for  “r”  read  “c”  p.  223,1.  19,  for  “passive”  read  “active” 

Table  5,  1st  entry,  for  “  ±65.3  ±39.9”  read  “±65.3  ±39.9” 

Also,  a  list  of  figure  captions  was  not  published.  The  figures,  however,  are  self-explanatory,  except 
for  the  fact  that  the  filled  squares  in  Fig.  1  represent  clocks  whose  beam  tubes  were  replaced  before 
the  start  of  the  data  set  in  1986. 
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Fig,  1.  The  weight  of  a  cesium  clock  and  a  hydrogen  maser  as  functions 
of  time  in  the  new  mean  timescale  algorithm. 


Log  Tau  (seconds) 


Fig.  2.  The  frequency  stability  of  the  old  mean  timescale  (with  and 
without  masers)  and  the  new  mean  timescale  as  a  function  of  sampling 
time  (tau).  The  error  bars  correspond  to  a  confidence  level  of  90%. 
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Fig.  3.  The  frequency  stability  of  the  two  reference  masers. 
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Fig.  4.  The  frequency  stability  of  Master  Clock  #1  while  being  steered 
toward  the  old  mean  timescale  (with  and  without  masers)  and  toward  the 
new  mean  timescale. 
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Fig.  5.  The  time  drift,  starting  from  an  arbitrary  point  of  enforced 
synchronism,  of  the  old  and  new  mean  timescales  incorporating  masers, 
relative  to  the  old  mean  timescale  based  on  cesiums  only,  when  the 
masers  are  never  completely  deweighted. 
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Fig.  6.  The  time  drift  of  Master  Clocks  #1  and  #2  relative  to  TAI. 
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Abstract 

Analysis  of  the  frequency  stability  of  on-orbit  NAVSTAR  clocks  is  peiformed  by  the  Naval  Research 
Laboratory.This  work  was  sponsored  by  the  GPS  Joint  Program  Office.  The  frequency  stability  is  pre¬ 
sented  for  sample  times  of  one  day  to  30  days.  Composite  frequency-stability  profiles  are  presented  for 
the  Block  /  and  Block  It  NA  VSTAR  clocks.  Several  NA  VSTAR  cesium  clocks  show  frequency  stabilities 
of  a  few  parts  in  10'“* /or  long  sample  times.  Time-domain  noise-process  anafysis  shows  the  dominant 
noise  type  to  be  white  frequency  noise  for  sample  times  of  one  to  ten  days.  The  non-stationary  stochastic 
behavior  of  one  of  the  cesium  clocks,  illustrated  by  its  frequency-stability  history,  shows  that  the  frequency 
stability  is  not  always  time-invariant. 


INTRODUCTION 

The  Naval  Research  Laboratory  determines  on-orbit  NAVSTAR  clock  performance  using  the  pro¬ 
cess  depicted  in  Figure  1.  The  analysis  includes  frequency  and  aging  histories,  frequency-stability 
profiles,  time-prediction  uncertainty  profiles,  time-domain  noise  process  profiles,  spectral  analy¬ 
sis,  and  anomaly  detection.  Events  that  perturb  the  normal  clock  performance  are  of  particular 
interest. 

The  results  of  the  on-orbit  analysis  represent  the  behavior  of  the  NAVSTAR  clock  with  system 
errors  superimposed.  The  influence  of  the  system  may  enhance  but  usually  degrades  the  observed 
performance  of  the  clock.  Therefore,  deviations  from  nominal  performance  are  analyzed  in  an 
attempt  to  identify  the  cause. 

The  Rlock  I  data  was  collected  by  the  U.S.  Naval  Observatory  using  a  single-frequency,  time- 
transfer  receiver  with  ionospheric  corrections  obtained  from  the  model  of  the  ionosphere  broadcast 
in  the  navigation  message.  The  Block  11  data  was  collected  using  a  dual-frequency,  authorized-user, 
time-transfer  receiver  which  measures  the  ionospheric  delay  and  automatically  corrects  for  selected 
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availability  (S/A).  In  both  case.s,  the  broadcast  ephemeris  is  used  by  the  receiver  in  computing  the 
theoretical  range  from  the  monitor  site  to  the  space  vehicle  at  the  time  of  mea.surement.  Table  1 
summarizes  the  data  used  in  the  analysis. 


Table  I 

DATABASE 

GPS  BLOCK  I  AND  BLOCK  II  CLOCKS 

U.S.  Naval  Observatory  Monitor  Site 


NAVSTAR 

SV 

Block 

Clock 

Clock 

Time  Span 

.Number 

Number 

Number 

Serial 

Type 

mjd  mjd 

days 

3 

6 

1-3 

20 

Rb 

8439-8571 

133 

8 

11 

1-8 

2 

Cs 

6.569-8571 

2003 

9 

13 

1-9 

4 

Cs 

5894-8571 

2678 

10 

12 

MO 

5 

Cs 

5984-8571 

2.588 

11 

3 

I-ll 

12 

Rb 

6369-8571 

2203 

11 

14 

II-I 

8 

Cs 

7705-8571 

867 

13 

2 

II-2 

14 

Cs 

7719-8571 

853 

16 

16 

II-3 

11 

Cs 

8266-8571 

306 

19 

19 

II-4 

27 

Cs 

78.52-8571 

720 

17 

17 

II-5 

25 

Cs 

7900-8571 

672 

18 

18 

II-6 

31 

Cs 

7936-8571 

636 

20 

20 

II-7 

30 

Cs 

8009-8571 

562 

21 

21 

II-8 

6 

Cs 

8126-8400 

275 

15 

15 

II-9 

37 

Cs 

8180-8571 

392 

23 

23 

II-IO 

36 

Cs 

8263-8571 

309 

21 

24 

II- 11 

52 

Cs 

8482-8571 

90 

The  Block  1  space  vehicles  included  in  this  analysis  were  not  equipped  with  selective  availabil¬ 
ity.  Therefore,  the  data  collected  from  these  space  vehicles  by  the  single-frequency  receiver  was 
unaffected  when  S/A  was  implemented. 

The  clock  offset  is  measured  using  a  sequence  of  pseudorange  measurements  and  the  predicted 
range  obtained  from  the  space-vehicle  orbital  elements  broadcast  in  the  navigation  message.  The 
clock  offset  measurements  are  then  smoothed  over  each  non-overlapping  13-minute  interval.  The 
measurement  representing  a  pass  is  the  13-minute  measurement  nearest  the  time  of  closest  approach, 
or  the  one  having  the  highest  elevation  angle,  which  minimizes  the  effect  of  the  ionosphere  on  the 
measurement. 

Time  and  frequency  inputs  to  the  time-transfer  receiver  were  derived  from  the  Observatory  master 
clock  which  is  a  physical  realization  of  the  time  .scale  generated  by  the  Observatory  from  an  ensemble 
of  several  types  of  atomic  frequency  standards.  Since  the  stability  of  the  time-scale  is  significantly 
better  than  that  of  an  individual  NAVSTAR  clock,  the  measurements  made  by  the  Observatory 
reflect  primarily  the  behavior  of  the  NAVSTAR  clocks. 

I'lie  frequency  stability  of  the  Block  I  NAVSTAR  clocks  was  computed  using  sample  times  from 
one  day  to  a  maximum  of  30  days.  In  all  ca.ses  the  length  of  the  database  is  a  factor  of  ten.  or  more, 
greater  than  the  maximum  sample  time  evaluated.  A  long-term  aging  correction  was  determined 
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for  each  NAVSTAR  clock  and  was  removed  from  the  data  before  computing  tlie  frequency  stability. 


BLOCK  I  NAVSTAR  CLOCK  PERFORMANCE 

Figure  2  presents  the  frequency  offset  as  a  function  of  time  for  the  NAVSTAR  '.i  rubidium  clock. 
This  is  the  second  NAVSTAR  3  rubidium  clock  to  be  activated — the  first  having  been  activated 
in  1978  and  having  operated  successfully  for  13  years.  The  eclipse  seasons  are  depicted  by  the 
shaded  regions  that  repeat  at  a  nominal  rate  of  once  every  six  months.  The  data  shows  large 
frequency  fluctuations  that  appear  to  be  related  to  the  eclip.se  season.  Previous  analysis  by  the 
Naval  Research  l  aboratory  determined  that  the  frequency  offset  of  the  first  rubidium  clock  was 
sensitive  to  temperature  and  exhibited  a  temperature  coefficient  of  1.96  X  \0~'^/°C'.  It  is  expected 
that  the  current  rubidium  clock  will  exhibit  a  similar  temperature  coefficient.  It  should  be  noted 
that  beginning  with  NAVSTAR  8  all  rubidium  clocks  had  additional  thermal  control  which  appears 
to  have  isolated  the  clock  from  seasonal  temperature  variations. 

Figure  3  presents  the  frequency  offset  for  the  NAVSTAR  8  cesium  clock  for  a  period  of  almost 
six  years  while  Figures  4  and  .u  present  the  frequency  offset  for  the  N.AVSTAR  9  and  NAVST.4R 
10  cesium  clocks  for  a  period  of  more  than  seven  years.  The  frequency  offset  for  the  clock  on 
NAVSTAR  10  shows  two  knees  in  the  data  where  the  aging  abruptly  increased. 

Figure  6  presents  the  frequency  offset  for  the  NAVSTAR  11  rubidium  clock  for  a  period  of  three 
years.  The  vertical  scale  has  been  expanded  by  plotting  the  residuals  to  a  linear  fit  of  the  data.  The 
sensitivity  to  temperature  is  evident  in  the  wide  seasonal  swings  in  the  frequency  offset — similar 
to  those  seen  previously  on  the  first  N.AVSTAR  3  rubidium  clock — with  a  fundamental  period  of 
nominally  one  year,  although  eclipse  seasons  occur  every  six  months.  Unlike  that  clock,  however, 
the  NAVSTAR  11  rubidium  clock  exhibits  a  negative  temperature  coefficient. 

A  composite  of  the  frequency-stability  profiles  for  all  Block  I  N.4VST.AR  clocks  operating  on  11 
November  1991  is  presented  in  Figure  7.  Of  the  five  NAVSTAR  clocks  currently  operating,  two  are 
rubidium  and  three  are  cesium.  During  1991  all  but  NAVST.AR  10  had  frequency  stabilities  less 
than  2  x  10“'  ’  for  a  one-day  sample  time.  The  other  two  cesium  clocks  demonstrated  excellent 
performance  for  all  sample  times  that  were  evaluated.  The  stability  varied  from  1.8  X  10“'“^  at  one 
day  to  3.8  x  10“'  '  at  30  days.  The  N.AVSTAR  10  cesium  clock  is  well  past  its  design  life  of  five 
years  during  which  time  it  performed  within  the  specification  of  2. Ox  10“'^.  This  can  be  seen  from 
the  frequency-stability  history  in  Figure  8  which  corresponds  to  the  output  of  a  20-day  moving 
average  filter  operating  on  the  sequence  of  squared  first  differences  of  the  one-day  frequency  offset 
measurements  shown  in  Figure  .u.  The  frequency  stability  of  the  two  NAVSTAR  rubidium  clocks 
for  an  increasing  sample  time  suffers  from  the  wide  swings  in  the  frequency  due  to  the  seasonal 
temperature  variations. 


BLOCK  II  NAVSTAR  CLOCK  PERFORMANCE 

Figure  9  presents  the  corrected  frequency  offset  for  the  NAVST.AR  14  cesium  clock  over  a  two-year 
time  span.  The  corrected  frequency  offset  had  a  measured  aging  coefficient  of  —3.2  X  10“'*’/</a?/ 
during  the  two-year  span.  Note  a  small  change  in  the  behavior  of  the  frequency  offset  beginning 
near  mjd  81.'i0  (16  September  1990).  .After  this  date  the  frequency  offset  showed  a  change  from 
white  noise  (uncorrelated)  to  slow  fluctuations  in  the  data.  The  presence  of  these  fluctuations  in 
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the  data  degrade  the  staLuity  at  larger  sample  times  as  will  be  se'm  from  the  frequency-st al)ility 
profile. 

Figure  10  pre.sents  the  corrected  frequency  offset  for  the  NAVSTAH  Ilf  cesium  clock.  The  frequency 
offset  is  well  behaved  with  an  aging  coefficient  of  —1.79  X  jdaij. 

Figure  1 1  presents  the  corrected  freipiency  offset  for  the  NAV’STAR  16  cesium  clock.  The  frequency 
offset  shows  slow  fluctuations  in  the  data  that  persist  throughout  1991.  The  average  aging  during 
this  eleven-month  time  span  was  -2.61  X  10“’''’/</a.(/.  The  phase  offset  for  the  first  portion  of  the 
data  was  compared  to  that  obtained  using  the  precise  ephemeris  computed  by  the  Defense  Mapping 
Agency.  I’he  precise  ephemeris  yielded  the  same  behavior  which  indicates  that  the  accure''y  of  the 
broadcast  ephemeris  is  not  responsible  for  the  observed  behavior  which  is  not  characteristic  of 
grourid-ba.sed  cesium  clocks  and  has  not  been  ob.served  in  the  Mlock  1  cesium  clocks. 

Figure  12  presents  the  frequency  offset  for  the  NAVST.-\R  19  cesium  clock  from  shortly  after  initial 
turn-on  to  1  1  November  1991.  .-Vnomalies  in  the  form  of  sharp  decreases  in  the  frequency  offset  by 
as  much  as  -7ppl()'  ’  repeated  at  intervals  of  between  35  to  51  days  began  about  9  May  1989.  Prior 
to  occurrence  of  the  first  anomaly  and  during  the  subsequent  intervals  between  the  periodic  breaks 
the  clock  e.xhibited  an  aging  of  about  1.63  ppl0'‘‘/d«i/  which  is  rather  high  for  a  cesium  clock.  The 
aging  e.xhibited  during  the  initial  period  after  turn-on  and  during  the  first  Iw'elve  cycles  appears  to 
have  changed  appreciably  at  the  beginning  of  the  last  cycle  to  approximately  5.0  ppl0’‘'/da?/.  The 
fre(|uency  stability  was  computed  for  the  first  200  days  and  for  the  entire  time  span.  The  stability 
for  the  first  segment  is  included  in  a  composite  stability  plot.  The  stability  for  the  entire  time  span 
marginally  meets  the  Hlock  11  specification  of  2  X  10“’^  for  sample  times  of  one  to  ten  days. 

Figure  13  presents  the  corrected  frequency  offset  for  the  NAVSTAR  17  cesium  clock.  The  frequency 
offset  from  mjd  7900  to  mjd  S068  w.as  well  behaved.  An  abrupt  decrease  in  frequency  on  mjd  8068 
was  followed  by  a  partial  recovery.  Then  again  on  mjd  8195  the  frequency  appears  to  have  further 
recovi'red.  .\  comparison  of  the  frequency  stability  for  the  period  prior  to  mjd  8068  and  again 
for  the  jjeriod  after  mjd  S195  showed  a  small  degradation  in  the  frequency  stability  for  a  one-day 
sample  time  following  the  frequency  anomaly.  The  aging  that  occurred  in  the  data  during  1991 
was  -l.lOx  10“''’’ /duty. 

Figure  I  I  presents  the  corrected  frecpiency  offs'^t  for  the  NAVST.AR  18  cesium  clock.  The  frequency 
offset  shows  a  small  positive  excursion  beginning  at  mjd  8195 — that  correlates  with  the  same  behav¬ 
ior  on  the  N.-WS  r.\R  17  cesium  clock.  The  data  subsequent  to  this  time  appears  to  be  noticeably 
<|uieter.  I'he  aging  during  1991  for  the  .N’.\VST.\R  18  cesium  clock  was  -5.00  X  jday. 

Figure  15  presents  the  corrected  frequency  offset  for  the  N.AV’.ST.^R  20  cesium  clock.  The  frequency 
offset  exhibits  a  small  positive  aging  from  initial  operation  and  appears  to  have  a  small  negative 
rate  of  f'hange  of  aging.  Except  for  the  small  apparent  change  in  aging  the  data  appears  to  be  well 
bf'haved.  rtie  average  aging  during  1991  was  1.39  X  10“''’^  c/njt. 

Figure  16  presents  the  corrected  frequency  offset  for  the  NAVST.AR  21  cesium  clock.  Two  frequency 
shifts,  followed  by  recovery  to  the  nominal  frequency  offset  occurred  on  mjd  8451  and  on  mjd  8501. 
The  cause  of  these  unexpected  shifts  in  the  frequency  is  being  investigated.  The  average  aging 
before  the  shifts  was  -1.74  x  10“’ Tim  frequency  stability  presented  later  in  the  composite 
plf)t  of  fre(|uencv  stability  was  computed  for  the  data  before  the  shifts  in  frequency. 

1'  igure  17  presents  the  corrected  frerpiency  offset  for  the  N.WST.'XR  15  cesium  clock.  The  frequency 
appears  w. '1  behaved  and  exhibited  an  aging  during  1991  of —2.8  X  10“’*’/r/a/y. 


310 


Figure  18  presents  the  corrected  frequency  offset  for  the  NAVSTAR  23  cesium  clock.  The  freq  lency 
offset  is  well  behaved  and  exhibited  an  aging  during  1991  of  2.7  X  lO~^^'/day.  Noteworthy  is  the 
fact  that  this  is  the  first  of  the  Block  ITA  NAV.STAR  space  vehicles. 

Figure  19  presents  the  frequency  offset  for  the  NAVSTAR  24  cesium  clock.  The  cause  of  the 
anomalous  behavior  occurring  before  30  August  1991  (mjd  8498)  may  be  attributed  to  a  period  of 
testing  of  the  space  vehicle.  Only  the  data  in  the  span  of  time  from  30  August  1991  (mjd  8498)  to 
1 1  .November  1991  was  used  in  the  calculation  of  the  frequency  stability.  The  aging  following  mjd 
X498  was  2.06  X  \Q-^^/day. 

A  composite  of  the  frequency-stability  profiles  for  all  Block  II  NAVSTAR  clocks  operating  on  11 
November  1991  is  presented  in  Figure  20.  An  individual  long-term  aging  correction  was  calculated 
for  each  iNAVST.NR  clock  and  removed  befoie  computing  the  frequency  stability.  The  Block  II 
frecjuency-stability  profiles  show  that  all  of  the  NAVSTAR  cesium  clocks  were  within  the  2  x  10“’^ 
specification  for  a  one-day  sample  time  and  had  stabilities  of  less  than  the  specification  for  all  sample 
times  up  to  30-days.  The  dominant  random  noise  types  observed  for  the  cesium  clocks  was  white 
frequency  noise  for  sample  times  of  one  to  ten  days  with  a  graduaJ  trend  towards  flicker  frequency 
noise  for  sample  times  of  30-days.  This  was  the  expected  frequency  profile  for  well  behaved  cesium 
clucks.  Small  departu  cs  fron:  white  frequency  noise  towards  random  walk  frequency  noise  were 
noted  for  several  of  the  cesium  clocks.  This  is  believed  to  be  due  to  small  anomalies  in  the  frequency 
offset  rather  than  to  the  presence  of  any  significant  component  of  random  walk  in  the  frequency. 


CONCLUSIONS 

The  freciuency  stability  for  four  of  the  five  Block  I  NAVSTAR  clocks  was  better  that  the  specification 
of  2  X  10"'  ^  for  Block  I  cesium  clocks  for  a  sample  time  of  one-day.  The  NAVSTAR-10  cesium 
clock,  which  has  exceeded  the  design  life,  did  not  meet  the  one-day  frequency-stability  specification 
during  1991. 

.Vll  Block  II  NAVS'f.AR  cesium  clocks  are  better  than  the  2  X  10“’'^  specification  for  a  one-day 
sample  time.  The  '  est  frequency  stability  for  a  one-day  sample  time  was  8  X  10“’'*.  The  dominant 
random  noise  type  for  the  Block  II  N.AVST.iR  cesium  clocks  was  white  frequency  noise  for  sample 
times  of  one  to  ten  days. 

I'he  performance  for  all  Block  I  and  Block  II  clocks  operating  on  11  November  i991  is  summarized 
in  Fable  2. 
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Table  2 

PERFORMANCE  SUMMARY 
GPS  BLOCK  I  AND  BLOCK  II  CLOCKS 
U.S.  Naval  Observatory  Monitor  Site 
Calendar  1991 


Frequency 

Navstar 

Clock 

Clock 

Time 

Stability 

Aging 

Number 

Serial 

Type 

Span 

1  day 

10  days 

1991 

(days) 

(pplO’^) 

(pplO’"*) 

(pplO^^ /day) 

;i 

20 

Rb 

132 

1.8 

41.4 

•28..50 

8 

2 

Cs 

314 

1.8 

4.9 

0.37 

9 

4 

Cs 

314 

1.8 

5.4 

-0.57 

10 

5 

Cs 

314 

3.6 

9.3 

-12.80 

11 

23 

Rb 

314 

1.5 

•23.6 

-P24.00 

14 

8 

Cs 

314 

1.2 

5.2 

-0.32 

13 

14 

Cs 

314 

1.5 

4.3 

-1.79 

16 

11 

Cs 

305 

1.4 

7.4 

-2.61 

19 

27 

Cs 

208 

1.7 

9.6 

16.30 

17 

2.5 

Cs 

314 

1.1 

4.3 

-1.40 

IS 

31 

Cs 

314 

1.0 

3.7 

0.05 

•20 

30 

Cs 

314 

1.3 

3.8 

1.39 

21 

6 

Cs 

327 

1.4 

5.7 

-1.74 

15 

37 

Cs 

314 

1.7 

5.6 

-0.-28 

23 

36 

Cs 

308 

1.1 

3.3 

0.27 

24 

52 

Cs 

73 

0.8 

2.06 

312 
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Figure  1.  Clock  Analysis  Flow  Chart. 
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Figure  11.  NAVSTAR  16  Frequency  Offset. 


Figure  20.  Block  II  Composite  Stability. 
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Abstract 

The  Consultative  Committee  on  International  Radio  (CCIR)  is  a  technical  advisory  group  that, 
within  the  International  Telecommunications  Union  (ITU),  provides  formal  Recommendations,  technical 
advice,  and  technical  information  related  to  the  allocation  and  use  of  the  radio  spectrum.  The  CCIR  does 
its  work  through  a  number  of  separate  Study  Groups,  each  of  which  deals  primarily  with  one  or  more 
radio-based  services  recognized  by  the  ITU.  One  of  these,  Study  Group  7,  is  called  “Science  Services” 
and  deals  with,  among  other  things,  time  and  frequency  services  and  related  topics.  This  part  of  CCIR 
is  probabfy  best  known  for  its  development  and  implementation  of  the  UTC  time  system  in  1972.  The 
US.  national  Administration  develops  proposed  Recommendations  and  provides  other  technical  input  to 
the  CCIR  through  an  organization  of  U.S.  Study  Groups  that  parallel  those  functioning  internationally. 

Both  the  private  and  government  sectors  participate  actively  under  the  general  oversight  of  the  US.  State 
Department  and  its  US.  CCIR  National  Committee.  Current  and  projected  future  activities  of  US.  and 
international  Study  Group  7  will  be  described,  including  some  examples  of  current  Recommendations, 
Handbooks,  and  other  documentation  that  might  be  useful  for  those  working  with  time  and  frequency 
applications. 

INTRODUCTION 

The  Consultative  Committee  on  International  Radio  (CCIR)  is  one  of  several  international  orga¬ 
nizations  that  play  an  important  role  in  time  and  frequency  activities.  These  organizations  may 
be  grouped  roughly  into  three  main  categories  as  illustrated  in  Figure  1:  those  that  deal  primarily 
with  the  "standards”  aspects  of  time  and  frequency  (for  example,  the  definition  of  the  second); 
those  that  are  concerned  mainly  with  the  scientific  aspects;  and  those  that  are  involved  more  with 
the  regulatory  aspects  affecting  time  and  frequency  dissemination  services.  The  standards-related 
organizations  shown  on  the  left  side  of  the  chart  derive  from  the  Treaty  of  the  Meter  and  include,  at 
the  highest  level,  the  General  Conference  of  Weights  and  Measures  (CGPM)  and  the  International 

‘Contribution  of  the  U  S.  Government;  not  subject  to  copywright. 
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Committee  of  Weights  and  Measures  (CIPM).  These  bodies,  acting  upon  the  technical  advice  of 
its  consultative  committees,  such  as  those  for  the  definition  of  the  second  (CCDS)  and  the  meter 
(CCDM),  adopted  the  current  definition  of  the  second  in  terms  of  the  cesium  atom.  The  Interna¬ 
tional  Bureau  of  Weights  and  Measures  (BIPM)  serves  as  an  international  measurement  laboratory 
and  includes  a  Time  Section  in  Paris,  which  has  important  responsibilities  for  the  timing  com¬ 
munity  in  terms  of  maintaining  and  coordinating  the  international  UTC  and  TAI  international 
atomic  time  scales.  These  responsibilities  were  previously  handled  by  the  former  International 
Time  Bureau  (BIH). 

A  number  of  scientifically  oriented  international  organizations  also  have  strong  interest  in  time 
and  frequency  and  make  important  contributions  to  the  field.  The  United  Nations  Educational, 
Scientific,  and  Cultural  Organization  (UNESCO)  includes  an  International  Council  of  Scientific 
Unions  (ICSU).  Two  of  its  member  organizations,  the  International  Astronomical  Union  (lAU) 
and  the  International  Radio  Science  Union  (URSI),  have  particularly  strong  interest  in  time  and 
frequency  from  the  points  of  view  of  astronomical  time  and  radio-signal  propagation,  respectively. 
One  of  the  permanent  service  organizations  established  by  ICSU,  the  International  Earth  Rotation 
Service  (lERS),  has  direct  impact  on  time  and  frequency  services  and  other  operations  by  having 
responsibilities  for  determining  and  announcing  the  dates  for  insertion  of  leap  seconds  into  the  UTC 
time  scale.  The  lERS  also  determines  and  announces  the  value  of  the  difference  between  UTC  and 
the  UTl  astronomical  time  scales  that  is  included  on  most  standard  time  and  frequency  broadcasts. 

The  third  type  of  organization  important  to  time  and  frequency  and  the  principal  one  of  interest  for 
this  discussion  is  the  regulatory  structure  briefly  outlined  on  the  right  side  of  Figure  1.  The  parent 
organization  is  the  International  Telecommunications  Union  (ITU)  which,  while  maintaining  an 
affiliation  with  the  United  Nations,  traces  its  roots  back  to  1885.  Under  terms  of  the  International 
Telecommunications  Convention  the  ITU  is  charged  to,  among  other  things,  “study  technical  and 
operating  questions  relating  specifically  to  radiocommunications  without  limit  of  frequency  range, 
and  to  issue  recommendations  on  them  ...”  The  ITU,  among  many  other  functions,  issues  and 
updates  the  International  Radio  Regulations  that  play  a  major  role  in  regulating  how  the  radio 
spectrum,  including  that  used  by  standard  time  and  frequency  broadcast  services,  is  allocated 
and  used.  The  ITU  depends  heavily  on  its  technical  advisory  body,  the  CCIR,  in  all  of  its  ac¬ 
tivities  relating  to  the  various  radio-based  international  services.  The  Consultative  Committee  on 
International  Telephone  and  Telegraph  (CCITT)  performs  a  similar  role  in  the  area  of  telephone 
and  telegraph  communications.  One  of  the  CCIR  Study  Groups,  Study  Group  7,  is  assigned  spe¬ 
cific  responsibility  for  the  Standard-Frequency  and  Time-Signal  Service,  which  includes  time  and 
frequency  broadcasts  operating  in  the  specific  frequency  bands  allocated  by  the  ITU. 


CCIR  OBJECTIVES,  ORGANIZATION, 

AND  WORKING  METHODS 

The  CCIR  has  three  principal  objectives: 

1.  to  provide  the  technical  bases  for  use  by  administrative  radio  conferences  and  radiocommuni¬ 
cation  services  for  efficient  use  of  the  radio-frequency  spectrum  and  the  geostationary-satellite 
orbit,  bearing  in  mind  the  needs  of  the  various  radio  services; 

‘2.  to  recommend  performance  standards  for  radio  systems  and  technical  arrangements  which 
assure  their  effective  and  compatible  interworking  in  international  telecommunications;  and 
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3.  to  collect,  exchange,  analyze,  and  disseminate  technical  information  resulting  from  studies  by 
the  CCIR,  and  other  information  available  for  the  development,  planning,  and  operation  of 
radio  systems,  including  any  necessary  special  measures  required  to  facilitate  the  use  of  such 
information  in  developing  countries. 


In  order  to  address  these  objectives  the  CCIR  has  formed  10  Study  Groups,  the  majority  of  which 
deal  with  one  or  more  radiocommunication  services  as  defined  by  the  ITU.  Other  Study  Groups  deal 
with  more  general  topics,  such  as  propagation,  spectrum  management,  and  inter-service  sharing  and 
compatibility  issues.  As  revised  by  the  1990  CCIR  Plenary  Assembly,  the  current  Study  Groups 
a  e: 


Study  Group  1: 
Study  Group  4: 
Study  Group  5: 
Study  Group  6: 
Study  Group  7: 
Study  Group  8: 
Study  Group  9; 
Study  Group  10 
Study  Group  1 1 
Study  Group  12 


Spectrum  Management  Techniques 
Fixed-Satellite  Service 
Propagation  in  Non-Ionized  Media 
Propagation  in  Ionized  Media 
Science  Services 

Mobile,  Radiodetermination,  and  Amateur  Services 
Fixed  Service 

Sound  Broadcasting  Services 
Television  Broadcasting  Services 
Inter-service  Sharing  and  Compatibility 


In  addition  there  are  two  other  groups  which  deal  with  certain  interactions  with  the  CCITT  and 
common  CCIR  vocabulary  issues. 

The  CCIR’s  activities  relating  to  time  and  frequency  are  now  conducted  within  a  recently  reorga¬ 
nized  Study  Group  7,  called  “Science  Services.”  Prior  to  May,  1990,  this  group’s  responsibilities 
were  carried  out  in  two  separate  Study  Groups:  Study  Group  2  (Space  Research  and  Radioastron¬ 
omy)  and  the  old  Study  Group  7  (Standard  Frequencies  and  Time  Signals).  The  new  “Science 
Services”  Study  Group  7  is  further  subdivided  into  the  following  4  working  groups,  known  as 
Working  Parties: 


WP  7A:  Time  and  Frequency  Services; 

WP  7B:  Space  Research; 

WP  7C:  Earth  Exploration  and  Meteorological  Satellites;  and 

WP  7D:  Radio  and  Radar  Astronomy. 

The  1990  CCIR  Plenary  Assembly,  in  setting  up  this  structure,  authorized  the  following  “Scope” 
statement  for  WP  7.4:  “Dissemination,  reception,  and  coordination  of  standard-frequency  and  time- 
signal  services,  including  the  application  of  satellite  techniques,  on  a  world-wide  basis.”  With  a 
narrow  interpretation  of  this  scope  statement,  the  CCIR  and  Study  Group  7  might  seem  to  be 
interested  only  in  those  aspects  of  time  and  frequency  that  relate  directly  to  standard  time  and 
frequency  broadcast  services,  such  as  WWV,  that  use  the  specific  frequencies  allocated  to  the 
Standard-Frequency  and  Time-Signal  Service.  As  will  be  indicated  later,  however,  the  CCIR  has 
traditionally  adopted  a  much  broader  view  of  its  scope  in  the  time  and  frequency  area  and,  in  fact, 
has  expanded  its  interests  significantly  beyond  the  narrow  topic  of  standard  frequency  and  time 
broadcasts  tising  the  aJlocated  bands. 
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The  international  CCIR  organization  is,  for  the  most  part,  mirrored  in  the  U.S.  by  a  parallel 
national  structure  of  Study  Groups  charged  with  developing  documentation  proposals  in  various 
forms  that  reflect  the  views  of  U.S.  organizations  (public  and  private)  and  the  U.S.  government. 
For  example,  there  is  a  U.S.  Study  Group  7  and  a  U.S.  Working  Party  7A  that  deals  with  time 
and  frequency  matters.  Participation  is  open  to  any  organization  with  interests  in  the  subject 
involved.  Historically,  the  most  active  organizations  participating  in  the  work  of  WP  7.‘\  include 
the  National  Institute  of  Standards  and  Technology  (NIST),  the  U.S.  Naval  Observatory  (USNO), 
the  National  Aeronautics  and  Space  Administration  (NASA),  Jet  Propulsion  Lab  (JPL),  and  the 
Applied  Physics  Lab  (APL)  of  Johns  Hopkins  University. 

CCIR  working  methods  are  currently  undergoing  a  significant  streamlining  process,  designed  to 
shorten  the  time  required  for  approval  and  publication  of  important  Recommendations  and  to  re¬ 
duce  operating  costs,  particularly  at  the  international  level.  Typically,  proposals  for  new  or  revised 
documentation  (for  example.  Recommendations,  Reports,  Questions  to  be  studied.  Handbook  con¬ 
tributions)  are  generated  by  various  national  Administrations.  In  the  case  of  the  U.S.  time  and 
frequency  area,  this  occurs  in  a  series  of  3-4  meetings  of  WP  7A  conducted  before  each  international 
CCIR  Working  Party  meeting.  Documents  approved  by  WP  7A  are  then  submitted  to  the  full  U.S. 
Study  Group  7  for  revision  or  approval.  The  next  step  is  a  review  by  the  U.S.  CCIR  National 
Committee,  consisting  of  all  U.S.  Study  Group  Chairmen,  frequency  management  personnel,  and 
other  private  and  government  representatives.  This  part  of  the  review  process  permits  coordination 
with  other  U.S.  Study  Groups  and  the  State  Department.  Approved  documents  are  then  forwarded 
to  Geneva  as  input  documents  for  the  next  international  meeting.  U.S.  proposals,  along  with  those 
from  other  nations,  are  considered  by  the  international  Working  Party  meetings  and  then  forwarded 
in  appropriate  form  to  the  following  international  Study  Group  meetings.  The  full  Study  Group 
either  accepts  or  rejects  each  document.  Those  that  are  accepted  either  go  directly  to  Administra¬ 
tions  for  final  approval  by  correspondence  (urgent  Recommendations)  or  are  sent  on  to  the  next 
CCIR  Plenary  Assembly.  The  approval  process  for  Recommendations  can  thus  take  as  little  as  a 
few  months  or  as  long  as  several  years. 


CCIR  IMPACT  ON  TIME  AND  FREQUENCY  ACTIVITIES 

CCIR  actions  can  affect  time  and  frequency  in  several  ways:  (1)  frequency  allocations  and  their 
use;  (2)  formal  Recommendations  relating  to  the  operation  of  Standard-Frequency  and  Time-Signal 
Service  broadcasts;  (3)  other  Recommendations  relating  to  time  and  frequency  activities,  such  as 
standards,  time  scales,  dissemination,  and  coordination;  and  (4)  other  information  outputs  in  the 
form  of  Reports,  Recommendation  texts,  and  Handbooks.  Each  of  these  aspects  is  discussed  in 
more  detail  below. 


ALLOCATION  ASPECTS 

Frequency  allocations  are  usually  made  by  World  Administrative  Radio  Conferences.  General 
WARC's  are  held  at  least  every  20  years,  and  special  ones  dealing  with  a  subset  of  radio  services 
are  held  more  often  as  needed.  Appropriate  CCIR  Study  Groups  prepare  technical  Reports  for 
these  allocation  conferences,  providing  background  information  on  such  issues  as  propagation  con¬ 
siderations,  sharing  possibilities,  and  preferred  frequencies  and  bandwidths.  A  complete  table  of 
allocations  for  all  frequency  bands,  including  sharing  constraints  where  appropriate,  is  published 
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by  the  ITU  as  part  of  the  Radio  Regulations. 

Currently  (1991).  the  following  frequency  allocations  are  assigned  to  the  Standard-Frequency  and 
Time-Signal  Seivice: 

1.  20  kHz  ±  0.05  kHz 

2.  1-1-19.95  kHz,  20.05-70  kHz,  72-84  kHz  (Region  1),  and  86-90  kHz  (Region  1)  Stations  oper¬ 
ating  in  these  bands  are  permitted  by  footnote  to  broadcast  time  and  frequency  signals  with 
full  protection  rights. 

3.  2.5  MHz  ±  5  kHz 

4.  5  MHz  ±  5  kHz 

5.  10  MHz  ±  5  kHz 

6.  15  MHz  ±  10  kHz 

7.  20  MHz  ±  10  kHz 

8.  25  MHz  ±  10  kHz 

9.  100.1  MHz  ±  25  kHz 

10.  4202  MHz  ±  2  MHz  (space-to-Earth) 

6427  MHz  ±  2  MHz  (Earth-to-space) 

11.  13.4-14.0  GHz  (Earth-to-space) 

20.2-21.2  ClHz  (space-to-Earth) 

12.  25.25-27.0  CHz  (Earth-to-space) 

30.0-31.3  CiHz  (space-to-Earth) 

Allocation  1  was  formerly  used  by  VVVVVL  in  the  U.S.  but  is  cuirontly  inactive.  The  low-frequency 
allocations  in  2  are  footnote  allocations  under  which  stations  such  as  WWVB  in  the  U.S.,  HBG 
in  Switzerland,  and  DCF77  in  Germany  operate.  Allocations  3-8  are  those  used  by  various  high- 
frequency  services  such  as  WWV  and  WWVH  in  the  U.S.  Allocation  9  was  obtained  in  1971 
in  anticipation  of  a  VVWV-type  service  from  satellites.  To  date  it  has  not  been  used  for  this 
purpose.  All  the.se  allocations  mentioned  thus  far  have  “primary”  status,  which  means  that  they 
have  guaranteed  protection  under  the  Radio  Regulations  and  do  not  have  to  share  with  other 
services.  The  allocation  pairs  in  allocations  10-12  are  footnote  allocations  and  are  subject  to  some 
constraints  according  to  the  Radio  Regulations. 

While  some  of  the  time  and  frequency  allocations  are  clearly  capable  of  supporting  time  transfer  at 
the  highest  possible  accuracy  levels  (for  example,  the  pairs  of  high-bandwidth  satellite  allocations), 
the  main  use  to  date  has  been  for  the  widespread  LF  and  HF  broadcast  services,  nroviding  only 
modest  accuracy  capabilities  by  today's  standards.  However,  such  services  offer  maiiy  other  advan¬ 
tages  in  terms  of  wide  coverage,  low  cost  of  receivers.  r«liable  reception  in  many  areas,  and  multiple 
sources  for  UTG  time.  The  vast  majority  of  users,  even  in  today's  high-technology  environment, 
simply  do  not  require  accuracies  beyond  that  offered  by  many  LF  and  HF  services.  Thus,  these 
allocations  and  Gf'IR's  role  in  generating  and  maintaining  them  will  ro..tinue  to  have  important 
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impact  on  large  numbers  of  users  in  the  future.  On  the  other  hand,  many  of  the  more  demanding 
applications  for  time  and  frecpiency  are  being  served  in  other  ways,  particularly  by  making  use 
of  opportunities  for  time-and-frequency  transfer  using  other  available  services.  Two  examples  are 
the  use  of  the  Cllobal  Positioning  System  (GPS)  satellites  of  the  Railiodetermination  Service  and 
two-way  time  transfer  through  communication  satellites  operating  in  the  Fixed-Satellite  Service.  In 
these  cases,  of  course,  the  C(TR  also  plays  an  important  allocation  role  through  its  Study  Groups 
X  and  I,  respectively. 


RECOMMENDATIONS  ON  OPERATING  STANDARD  TIME 
AND  FREQUENCY  SERVICES 

Tie  CCIR,  through  its  Study  (iroup  7  and  Working  Party  7A.  formulates  various  formal  Recom- 
m<  ndations  that  relate  to  the  oi)eratii'.i  of  broadcast  services  using  those  allocations  assigned  to  the 
Standard- Frequency  and  Time-Signal  Service.  Such  Recommendations  effectively  have  the  force  of 
international  law,  at  least  for  the  more  than  150  member  nations  of  the  ITU.  In  the  U.S.  these 
Recommendations  ap()Iy  directly  to  the  WWV',  WWVTl,  and  VVVV'VB  broadcast  services  operated 
by  .NTS  r  and.  in  the  rest  of  the  world,  they  impact  similar  services.  In  addition,  some  other  time 
and  frecpiency  services  that  do  not  operate  in  the  allocated  bands  nevertheless  follow  many  of  these 
Recommcndai ions.  TTie  time  code  transmitted  over  the  U.S.  GOES  satellites  is  an  example. 

The  best  known  Recommendation  of  this  type  is  CCIR  Recommendation  460,  which  established  the 
1  re  (Coordinated  Universal  Time)  system  in  1972.  Today,  UTC  is  the  time  disseminated  not  only 
from  standard  time  and  frecpiency  stations,  but  also  from  virtually  every  generally  available  source 
for  precise  time.  Related  Recommendations  propo.se  using  UTC  as  the  general  reference  for  time 
and  frecpiency  measurements  and  in  all  international  telecommunication  activities.  Corresponding 
recomm''’idations  from  other  ii  ternational  organizations  such  as  URSI  and  the  lAU  have  supported 
the  intent  o*"  the  original  CCIR  re'-  /inmendations. 

.Another  CCIR  Recommendation  that  has  proved  very  useful  is  one  that  recommends  use  of  various 
existing  standard  time  and  frequency  broadcasts  and  certain  other  available  signals,  such  as  Loran- 
C  and  Omega  .Navigation  .System  broadcasts,  for  precise  time  and  frequency  references.  Detailed 
operating  characteristics  and  broadcast  formats  for  the  various  broadcasts  are  given  in  an  .Annex 
to  this  Recommendation.  CCIR  Study  Group  7  makes  a  strong  effort  to  keep  this  information 
updated  approximately  every  two  years. 

Other  CGIR  Recommeiidations  that  impact  standard  time  and  frequency  broadcasts  and  their  effec¬ 
tive  use  involve  topics  such  as  the  use  of  other  fretpiency  bands  for  broadcast  services,  the  avoidance 
of  interference  to  these  services,  the  use  of  the  “’Modified  .Julian  Date.”  time  scale  notations,  and  the 
intm national  synchronization  of  time  scales.  The  latter  Recommendation  is  especially  important 
in  today's  environment  since  it  recommends  that  the  various  timing  centers  maintain  their  local 
I'TC  time  scab’s  tf)  within  1  /is  of  UTC.  This  tight  tolerance  is  stated  as  a  “desirable  goal”. 

RECOMMENDATIONS  RELATING  TO  OTHER  ASPECTS  OF 
TIME  AND  FREQUENCY 

■A  .  iin'iitioned  earlier.  .Study  (irouj)  7  has  historically  taken  a  rather  broad  view  of  its  scope  as 
defiin'd  by  the  C(TR.  The  breadth  of  I  he  current  Working  Party  7A  work  program  can  be  seen 
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from  the  following  listing  of  the  titles  of  the  9  formal  “Questions”  that  provide  the  bases  for  input 
documentation  and  related  actions: 

1.  Methods  for  Improving  Terrestrial  Frequency  and  Time  Dissemination 

2.  Stability  of  Standard- Frequency  and  Time-Signal  Emissions  as  Received 

3.  Time  Codes 

4.  Worldwide  Dissemination  of  Time  Signals  to  an  Accuracy  of  1  /rs  or  Better  for  Industrial 
Purposes 

5.  Techniques  for  Time  Transfer 

6.  Performance  and  Reliability  of  Frequency  Standards  and  Their  Use  in  Time  Scales 

7.  Standard  Frequency  and  Time  Signals  from  Satellites 

8.  Two-way  Time  Transfer  Through  Communication  Satellites 

To  date  Working  Party  7 A  has  produced  several  Recommendations  in  response  to  this  set  of  Ques¬ 
tions  that  go  somewhat  beyond  the  narrow  topic  of  operating  the  Standard-Frequency  and  Time- 
Signal  Service.  For  example,  there  is  now  a  rather  comprehensive  Recommendation  on  “Frequency 
and  Time  (Phase)  Instability  Measures.”  The  latest  version  of  this  Recommendation  now  includes 
instability  measures  for  clocks,  measurement  systems,  and  dissemination  systems.  Its  Annex  con¬ 
tains  helpful  background  information  and  references  on  instability  characterization.  There  are  two 
Recommendations  relating  to  satellite  techniques;  a  general  encouragement  to  consider  satellite 
methods  and  a  more  specific  one  relating  to  the  use  of  GPS  satellites  for  timing  under  varying 
conditions  of  intentional  signal  degradation.  Another  Recommendation  supports  the  dissemination 
of  time  information  in  coded  form  without  specifying  a  particular  code  format.  Working  Party  7A 
also  generated  a  Recommendation  providing  definitions  of  more  than  60  terms  commonly  used  in 
CCIR  time  and  frequency  activities.  While  the  Glossary  of  Terms  is  primarily  intended  for  use 
within  the  CCIR,  efforts  have  been  made  in  constructing  it  to  coordinate  as  closely  as  possible  with 
other  vocabulary  efforts,  such  as  that  being  addressed  within  the  IEEE  organization. 

In  recognition  of  the  current  and  projected  future  importance  of  satellite  methods.  Working  Party 
7 A  also  operates  a  special  Task  Group  7/2,  which  is  charged  to  consider  developing  appropriate 
Recommendations  and  other  documentation  relating  to  satellite  time  transfer  on  an  expedited 
basis  (next  1-2  year  period).  It  is  likely  that  this  group,  working  partly  by  correspondence,  will 
propose  future  Recommendations  on  the  use  of  GPS  and  GLONASS,  the  use  of  two-way  time 
transfers  through  communication  satellites,  and  possibly  on  methods  for  calibrating  delays  through 
ground-station  equipment. 


CCIR-GENERATED  INFORMATION  ON  TIME  AND  FRE¬ 
QUENCY 

Aside  from  formal  Recommendations,  the  CCIR  also  plays  an  important  role  by  generating,  compil¬ 
ing,  and  publishing  useful  technical  information  in  several  different  forms.  The  intended  audience 
may  vary  from  document  to  document.  In  some  ca.ses,  the  information  is  intended  for  a  rather 
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restricted  audience,  for  example,  the  participants  in  World  Administrative  Radio  Conferences. 
Other  material  may  be  designed  for  a  more  general  audience  of  technical  engineers  or  scientists 
who  are  not  specialists  in  the  particular  technical  area.  Much  of  the  information  is  also  intended 
to  be  useful  to  personnel  in  developing  countries  who  are  responsible  for  developing  or  operating 
radiocommunication  systems. 

This  technical  information  is  published  in  several  different  forms.  The  principal  traditioned  method 
is  the  so-called  “Green  Books”  that  are  published  for  each  Study  Group  at  the  completion  of  each 
4-year  CCIR  working  cycle.  These  Green  Books  currently  contain  all  the  active  Recommendations, 
Reports,  and  other  documentation  of  the  Study  Group.  The  Reports  contain  factual  technical 
information  and  analyses  which  are  helpful  in  producing  Recommendations.  Under  current  CCIR 
policy,  the  Report  form  is  being  de-emphasized  and  considered  more  as  a  temporary  internal  work¬ 
ing  document  used  in  the  process  of  developing  Recommendations.  As  a  result,  there  is  a  current 
tendency  to  annex  some  of  this  background  technical  information  to  the  texts  of  the  formal  Rec¬ 
ommendations.  Occasionally,  a  Study  Group  may  decide  to  compile  information  on  a  particular 
topic  into  a  Handbook  format,  which  is  then  published  by  the  CCIR  in  Geneva.  One  better  known 
Handbook,  produced  by  Study  Group  4,  deals  with  Satellite  Communications.  Working  Party  7A 
is  currently  working  on  two  different  Handbooks  relating  to  time  and  frequency.  The  first,  which  is 
expected  to  be  published  in  1992,  deals  with  satellite  time  dissemination.  It  includes  information 
both  of  a  background  nature  on  topics  such  as  propagation  effects,  satellite  orbits,  signal  structures, 
and  relativity  considerations,  as  well  as  more  specific  information  on  satellite  systems  available  for 
time  transfer  applications.  Working  Party  7 A  has  recently  (1991)  decided  to  produce  a  second 
Handbook,  tentatively  titled  “Selection  and  Use  of  Precise  Frequency  and  Time  Systems.”  The 
content  will  include  material  on  various  frequency  standards;  operational  experiences,  problems, 
and  pitfalls;  time  scale  aspects;  time  and  frequency  measurements  and  characterization;  and  some 
uses  for  frequency  sources.  The  Handbook  will  be  prepared  by  a  group  of  international  experts 
from  Working  Party  7 A. 

Any  of  the  ITU/CCIR  publications  may  be  ordered  directly  from  the  ITU  by  contacting:  Interna¬ 
tional  Telecommunications  Union,  General  Secretariat  -  Sales  Section,  Place  des  Nations,  CH-1211, 
Geneva,  Switzerland. 


CONCLUSION 

The  CCIR  is  one  of  several  international  organizations  that  play  an  important  role  in  international 
aspects  of  time  and  frequency.  It  is  the  key  organization  in  matters  relating  to  the  allocation 
and  use  of  the  radio  speccrum  for  time  and  frequency  dissemination  services.  Its  impact  goes  well 
beyond  the  to.mal  Standard-Frequency  and  Time-Signal  Service,  however,  in  terms  of  providing 
Recommendations  and  technical  information  in  a  variety  of  forms.  The  Recommendations  and  other 
publications  are  useful  for  technical  professionals  working  with  time  and  frequency  applications  but 
who  are  not  specialists  in  the  field. 
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Figure  1.  International  Organizations  With  an  Impact  on  Time  and 
Frequency.  For  simplicity  only  those  suborganizations 
are  shown  that  are  relevant  to  time  and  frequency. 


QUESTIONS  AND  ANSWERS 


Dr.  Gernot  Winkler,  NIST:  Just  a  suggestion  to  add  to  this  excellent  review.  Maybe  we 
should  mention  the  glossary.  It  is  a  document  which  is  still  under  consideration  and  which  needs 
inputs  and  coordination  with  existing  vocabularies  and  which  is  a  real  problem  like  aU  of  these 
efforts. 

Mr.  Beehler:  Yes,  very  good,  it  is  certainly  an  important  document.  It  was  listed  on  one  of 
the  slides,  but  we  feel  that  it  is  very  important  that  we  can  agree  on  definitions  of  terms  that  are 
commonly  used  in  time  and  frequency.  As  Dr.  Winkler  mentioned,  we  try  to  coordinate  this  as 
much  as  possible  with  other  activities,  so  it  is  a  changing  document.  We  keep  updating  it  and,  most 
recently,  we  have  been  interacting  very  strongly  with  the  IEEE  vocabulary  group.  We  have  been 
able  to  agree  on  definitions  for  many  of  the  terms  in  the  glossary.  I  think  that  there  are  sixty  some 
now.  The  IEEE  has  accepted  many  of  these  and  we  have  made  a  few  revisions  at  their  request  also. 

Clark  Wardrip,  BFEC:  Roger,  how  does  one  acquire  some  of  these  documentations? 

Mr.  Beehler:  The  main  mechanism  is  to  acquire  them  directly  from  the  ITU  in  Geneva.  I  have 
included  in  the  written  paper  the  address  to  write  to.  They  will  send  you  a  price  list  and  so  on. 
.4s  far  as  I  know,  they  are  not  generally  available  in  the  US. 
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ACCURACY  OF  GPS  TIME  TRANSFER 
VERIFIED  BY  CLOSURE 
AROUND  THE  WORLD 


W.  Lewandowski,  G.  Petit  and  C.  Thomas 
Bureau  International  des  Poids  et  Mesures 
Pavilion  de  Breteuil 
92312  Sevres  Cedex,  France 

Abstract 

The  precision  of  time  transfer  over  intercontinental  distances  by  the  GPS  common-view  method, 
using  measurements  of  ionospheric  delays,  precise  ephemerides  provided  by  the  DMA  and  a  consistent 
set  of  antenna  coordinates,  reaches  3-4  ns  for  a  single  I3-min  measurement,  and  decreases  to  2  ns  when 
averaging  several  measurements  over  a  period  of  one  day.  It  is  thought  that  even  this  level  of precision  can 
be  bettered  by  improving  the  ionospheric  measurements,  the  ephemerides  of  the  satellites  and  the  antenna 
coordinates. 

In  the  same  conditions,  an  estimation  of  the  accuracy  is  attained  by  using  three  intercontinental  links 
encircling  the  Earth  to  establish  a  closure  condition;  The  three  independant  time  links  should  add  to  zero. 
We  have  computed  such  a  closure  condition  over  a  period  of  thirteen  months  using  data  recorded  at  the 
Paris  Observatory  in  Paris  (France),  at  the  Communications  Research  Laboratory  in  Tokyo  (Japan)  and 
at  the  National  Institute  for  Standards  and  Technology  in  Boulder,  Colorado  (USA).  The  closure  condition 
is  verified  to  within  a  few  nanoseconds  but  a  bias,  varying  with  time,  can  be  detected. 


1.  INTRODUCTION 

The  excellence  of  worldwide  time  unification  depends  on  the  quality  of  the  clocks  kept  by  national 
timing  centers  and  on  the  means  of  time  comparison.  Rapid  development  in  the  use  of  the  Global 
Positioning  System  since  1983  has  led  to  major  improvements  in  the  precision  and  accuracy  of  the 
metrology  of  time.  Using  commercially  available  GPS  time  receivers,  time  comparisons  can  easily 
be  performed  with  an  accuracy  of  10  to  20  nanoseconds  over  intercontinental  distances.  However, 
it  is  possible  to  improve  this  performance  by  removal  of  systematic  errors.  In  GPS  time  transfer, 
the  three  principal  sources  of  error  are  the  local  antenna  coordinates,  the  broadcast  ionospheric 
model  and  the  broadcast  ephemerides.  A  thirteen-month  experiment  in  which  three  long-distance 
time  links  are  combined  with  simultaneous  reduction  of  these  error  sources  allows  us  to  check  the 
precision  of  the  time  transfer,  and  its  accuracy  through  satisfaction  of  a  closure  condition. 


2.  THE  EXPERIMENT 

Three  long-distance  time  transfer  links  between  the  Paris  Observatory  in  Paris  (OP),  the  Com¬ 
munication  Research  Laboratory  in  Tokyo  (CRL),  and  the  National  Institute  of  Standards  and 
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Technology  in  Boulder,  Colorado  (NIST)  have  been  computed  using  the  common-view  method  [1], 
for  a  393-day  period,  from  1990  June  16  (MJD  48058)  to  1991  July  13  (MJD  48450). 

The  GPS  data  taken  at  the  three  sites  correspond  to  the  international  schedule  issued  by  the  Bureau 
International  des  Poids  et  Mesures  for  the  establishment  of  TAI.  Ionospheric  delay  measurements 
are  performed  by  dedicated  dual-frequency  codeless  GPS  receivers,  and  precise  ephemerides  are 
provided  by  the  US  Defense  Mapping  Agency.  Detailed  characteristics  of  the  three  time  links  can 
be  found  in  [2],  with  the  description  of  the  procedures  used  to  obtain  accurate  antenna  coordinates 
and  to  correct  for  ionospheric  and  ephemerides  errors. 


3.  RESULTS  AND  DISCUSSION 

The  corrections  to  the  antenna  coordinates  being  already  introduced,  four  different  cases  may  be 
distinguished  for  each  time  link  and  for  the  closure,  which  is  the  sum  of  the  three  links: 

*  non-corrected  values. 

*  values  corrected  for  ephemerides  only. 

*  values  corrected  for  ionosphere  only. 

*  values  corrected  for  both  ephemerides  and  ionosphere. 

For  each  case,  a  Vondrak  smoothing  [3]  is  performed  on  the  values  UTC(Labl)  -  UTC(Lab2).  The 
smoothing  used  acts  as  a  low-pass  filter  with  a  cut-off  period  of  about  3  days.  This  period  has  been 
chosen  as  being  approximately  the  limit  between  the  short  time  intervals,  where  the  measurement 
noise  is  dominant,  and  the  longer  intervals,  where  the  clock  noise  prevails.  For  the  closure,  the 
smoothed  values  are  interpolated  at  normal  dates  (Oh  UTC  each  day)  and  the  interpolated  values 
are  simply  added. 


3.1.  PRECISION  OF  TIME  COMPARISONS 

A  first  way  to  estimate  the  precision  of  the  measurements  is  from  the  standard  deviation  of  the 
residuals  to  the  smoothed  values.  This  is  strictly  correct  if  the  smoothing  has  removed  only  the 
measurement  noise.  Over  our  whole  data  set,  these  residuals  range  from  10  to  15  ns  for  the 
uncorrected  data,  8  to  10  ns  for  the  data  corrected  for  ephemerides  only,  7  to  12  ns  for  the  data 
corrected  for  ionosphere  only,  and  4  to  5  ns  for  the  data  with  both  corrections. 

If  the  data  points  are  regularly  spaced,  we  can  also  use  the  time-domain  stability  measures  <Ty(r) 
and  <7j-(r)  [4].  Applied  to  a  time  link  CTx(^)  allows  one  to  characterize  the  types  of  noise  that  are 
present.  In  the  case  of  white  noise  phase  modulation  (PM),  the  value  of  (Tx{t)  for  the  data  spacing 
is  the  standard  deviation  of  the  white  noise,  which  directly  gives  the  measurement  uncertainty. 
fTy(r)  allows  us  to  estimate  the  frequency  stability  with  which  clocks  can  be  compared. 

For  the  link  OP-NLST  which,  being  the  shortest,  has  the  largest  number  of  data  points,  we  can 
find  two  periods  of  80  and  75  days  respectively  without  any  significant  gap  in  the  data.  On  average 
there  are  .seven  points  per  day  and  they  are  quite  regularly  spaced,  the  largest  spacing  being  about 
7  hours.  Figure  1  presents  the  values  of  <Tj.(r)  for  the  data  over  the  period  from  MJD  48375  to 
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48450,  without  correction  and  with  both  corrections  applied.  It  appears  that  white  noise  phase 
modulation  can  be  identified  for  averaging  times  up  to  about  3  days  without  correction,  but  is 
not  the  dominant  source  for  times  of  one  day  and  over  when  the  corrections  are  applied.  The 
uncertainty  of  a  single  measurement  is  taken  from  figure  1  to  be  about  16  ns  without  correction, 
but  this  value  is  somewhat  biased  by  the  data  recorded  during  the  few  days  around  MJD  48440 
when  Selective  Availability  was  in  effect.  The  measurement  uncertainty  is  about  3  ns  when  the 
corrections  have  been  applied. 

It  should  be  noted  that  such  a  measurement  uncertainty  makes  it  possible  to  access  the  true 
performance  of  the  best  clocks  presently  available:  by  averaging  a  few  measurements  over  one  day, 
a  frequency  stability  of  two  or  three  parts  in  10*'*  is  realized  for  the  link  between  two  clocks.  Thus 
in  figure  2,  which  represents  cTy(r)  for  the  link  OP— NIST  over  the  same  period  as  in  figure  1,  the 
values  obtained  with  corrections  applied  represent  the  actual  frequency  stability  of  the  two  clocks 
for  time  intervals  of  one  day  and  over. 

For  the  other  80-day  period,  from  MJD  48080  to  48160,  the  results  are  quite  similar  although  the 
measurement  noise  is  estimated  to  be  at  a  slightly  higher  level,  as  discussed  in  section  3.3  below. 


3.2.  ACCURACY  TEST: 

THE  CLOSURE  AROUND  THE  WORLD 

A  test  of  accuracy  is  performed  by  computing  the  closure  around  the  world  via  OP,  NIST  and  CRL. 
Daily  values  of  UTC(OP)  -  UTC(NIST),  UTC(NIST)  -  UTC{CRL)  and  UTC(CRL)  -  UTC(OP) 
are  estimated  from  the  smoothed  data  points.  The  resulting  daily  values  of  the  deviation  from 
closure,  for  the  whole  period  under  study,  are  shown  in  figure  3  for  the  non-corrected  data  and  in 
figure  4  for  the  data  with  both  corrections  applied. 

Figure  4  provides  evidence  of  a  gain  in  accuracy  when  the  time  links  are  computed  with  both 
corrections.  To  characterize  and  quantify  the  types  of  noise  involved,  figure  5  represents  the  values 
of  (Tx(r)  for  the  closure,  without  correction  and  with  both  corrections  applied.  The  gain  is  by  a 
factor  2  to  3  for  all  averaging  times.  If  we  take  into  account  the  fact  that  the  values  for  one  and  two 
days  are  aliased  by  the  smoothing  that  has  been  performed  on  each  link,  the  closure  is  relatively 
well  characterized  by  white  noise  PM  up  to  16  days.  This  is  not  true  for  longer  averaging  times,  as 
it  is  clear  from  figure  4  that  significant  biases  exist,  and  that  they  vary  with  time.  As  an  example, 
the  mean  value  of  the  closure  over  consecutive  16-day  intervals  varies  from  —2  ns  to  -f  9  ns,  whereas 
the  standard  deviation  of  the  mean,  assuming  white  noise,  is  1  ns.  The  mean  values  over  16-day 
intervals  have  a  global  average  of  4  ns  and  a  standard  deviation  of  3  ns. 


3.3  DISCUSSION  OF  THE  ERROR  SOURCES 

The  major  three  error  sources,  that  are  able  to  produce  both  long  term  biases  and  short  term  white 
noise  PM,  are  those  listed  earlier  in  this  paper:  antenna  coordinates,  ionospheric  delays,  satellite 
ephemerides.  While  we  have  tried  to  minimize  these  errors,  they  are  still  present  at  some  level  so 
we  try  to  estimate  them  here. 

The  error  on  the  antenna  coordinates  has  been  estimated  previously  [2].  It  could  account  for  a  few 
nanoseconds  of  residual  error  in  the  closure.  However  this  error  is  roughly  constant  over  the  whole 
period,  as  the  geometry  of  the  common- view  observations  remains  similar  for  each  link.  When  more 
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accurate  coordinates  become  available  from  geodetic  campaigns,  it  will  be  easy  to  account  for  them 
in  the  data.  Accuracies  of  a  few  centimeters  should  then  be  obtained,  and  these  will  contribute 
negligibly  to  the  error  budget  of  the  time  transfer. 

The  accuracy  of  the  measurements  of  the  ionospheric  delay  by  codeless  GPS  receivers  has  been 
reviewed  recently  [5].  It  is  estimated  to  be  a  few  nanoseconds  but  it  is  not  easy  to  characterize 
the  residual  effect.  It  is  possible  that  P-code  receivers  will  be  used  in  the  future,  but  it  is  not  clear 
how  this  will  improve  the  measurements.  Also,  although  the  global  ionospheric  activity  is  going 
to  decrease  from  its  recent  maximum,  it  is  not  clear  if  it  will  be  measured  more  accurately  by  the 
GPS  receivers. 

On  the  other  hand,  the  ephemerides  of  the  satellites  are  subject  to  constant  improvement.  The 
DMA  processing  scheme,  for  example,  is  regularly  improved  [6].  The  fact  that  ephemerides  are 
more  accurate  in  1991  than  in  1990  may  be  visible  in  our  data:  figure  6  represents  cJx{t)  for  the  bnk 
OP-NIST  for  the  two  periods  of  about  80  days  mentionned  in  section  3.1  above.  The  improvement 
of  the  spring-summer  91  period  relative  to  that  of  summer  90  is  quite  clear  for  averaging  times  of 
up  to  one  day,  where  the  measurement  noise  dominates.  In  the  future,  ephemerides  with  sub-meter, 
or  even  decimeter,  accuracy  should  become  available,  which  will  nearly  eliminate  this  source  from 
the  error  budget. 

Finally  it  should  be  noted  that  the  stability  of  the  closure  for  averaging  times  of  a  few  days  is 
mainly  affected  by  the  many  glitches  that  are  apparent  in  figure  4.  A  careful  review  of  the  data 
indicates  that  for  the  second  half  of  the  data  set,  which  corresponds  to  year  1991,  all  but  one  of  the 
glitches  are  associated  with  a  gap  of  more  than  one  day  in  the  data  of  one  link.  This  aliasing  effect 
is  less  clear  for  the  first  half  of  the  data  set.  This  fact  also  favors  an  improvement  in  the  quality  of 
the  ephemerides  with  time,  although  chance  cannot  be  ruled  out  as  an  explanation. 


4.  CONCLUSIONS 

Results  of  a  13-month  time  transfer  experiment  indicate  that,  after  corrections  for  ionosphere 
and  ephemerides  have  been  applied,  the  precision  of  a  single  intercontinental  GPS  time  transfer 
measurement  is  about  3-4  nanoseconds,  and  can  be  reduced  by  averaging.  The  accuracy  is  estimated 
also  to  be  3-4  nanoseconds,  but  significant  biases,  which  vary  with  time,  are  still  present.  It  is 
thought  that  the  accuracy,  as  estimated  by  the  closure  condition,  is  improving  with  time,  and  will 
eventually  reach  1  ns  if  the  ionospheric  contribution  can  be  reduced  to  below  this  level. 
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QUESTIONS  AND  ANSWERS 


David  Allan,  NIST:  Would  it  not  have  been  better  to  measure  the  fiequency  stability  using  Mod 
(Ty(r)?  Since  you  have  white  PM,  you  can  see  the  frequency  more  quickly  and  actually  optimally. 

Mr.  Petit:  We  generally  use  Uylr). 

Mr.  Allan:  But  Mod  fTy(r)  gives  a  better  measure  of  what  the  clock  is  doing  with  white  PM. 

Dr.  Gernot  Winkler,  USNO:  In  other  words,  you  are  not  interested  in  frequency,  but  in  time 
interval?  Would  you  like  to  comment  on  the  possibility  of  keeping  the  data  at  the  stations,  as  with 
time,  it  is  possible  that  by  using  all  of  the  data,  to  improve  your  position  with  respect  to  the  GPS 
reference  system. 

Mr.  Petit:  Yes,  of  course,  that  is  a  way  of  improving  the  station  coordinates.  That  has  actually 
been  used,  but  clearly  it  is  not  the  best  way  to  get  good  coordinates.  I  would  prefer  to  get  very 
close  to  a  VLBI  or  satellite  laser  ranging  station  and  use  precise  surveying  to  obtain  the  station 
coordinates.  That  should  give  centimeter  accuracy  and  will  be  done  in  the  very  near  future. 

Dr.  Winkler:  I  agree,  but  my  comment  was  addressed  to  the  general  time  user,  who  cannot 
easily  connect  to  a  such  a  primary  reference  point  as  defined  by  laser  or  '  lBI.  He  may  well  be 
better  served  by  keeping  all  the  records. 

Mr.  Petit:  That  is  what  we  have  done.  Last  June  we  introduced  for  all  station  clocks,  a  list  of 
coordinates  to  be  used  that  were  derived  from  the  time  data  themselves.  This  was  because  before 
this  time,  the  station  coordinates  were  uncertain  by  several  meters.  This  was  clearly  visible  in  the 
time  data.  We  now  think  that  all  the  time  stations  are  accurate  to  a  level  below  one  meter. 

Dr.  Martin  Levine,  SAO:  Can  you  tell  me  the  meaning,  on  the  slide,  of  “raw  data”?  Is 
that  the  data  as  output  by  the  receiver?  Does  it  include  the  built  in  broadcast  ionospheric  and 
tropospheric  corrections? 

Mr.  Petit:  Yes,  that  is  the  data  as  it  comes.  It  is  the  regular  output  of  the  receiver,  with  the 
built  in  broadcast  corrections,  but  has  not  been  processed  to  include  our  corrections. 
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Abstract 

The  University  of  Leeds  built  a  GPSIGLONASS  receiver  about  five  years  ago  and  since  then  has 
provided  continuous  information  about  GLONASS  time  and  its  comparison  with  GPS  tim^.  For  the  last 
two  years  VNIIFTRI  and  some  other  Soviet  time  laboratories  have  used  Soviet-built  GLONASS  navigation 
receivers  for  time  comparisons.  Since  June  1991,  VNIIFTRI  has  been  operating  a  GPS  time  receiver  on 
ban  from  the  BIPM.  This  offered,  for  the  first  time,  an  opportunity  for  direct  comparison  of  time  transfers 
using  GPS  and  GLONASS.  This  experiment  shows  that  even  with  relatively  imprecise  data  recording  and 
proces.sing,  in  terms  of  time  metrobgy,  GLONASS  can  provide  continental  time  transfer  at  a  level  of 
several  tens  oj  nanoseconds. 

INTRODUCTION 

l  wo  e;lob;il  spare  navigatic.n  systems,  the  Ameriran  GPS  and  the  Soviet  GLONASS,  are  at  the 
about  same  stage  in  the  development  of  their  spare  segments,  btit  they  are  nnequally  used  for 
international  time  romparisons.  fiPS,  with  a  large  range  of  time-sperialized  receivers,  has  for 
matiy  years  been  exploited  worldwide  for  arrtirate  time  transfer  [l],  while  GLONASS  is  still  used 
on  ati  experitnental  basis  by  only  a  few  laboratories  [2],  .Mthoiigh  at  present  GPS  time  transfer 
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fully  satisfies  the  needs  of  time  metrology,  it  is  the  sole  method  which  is  operationally  effective  and 
the  lack  of  redundancy  is  felt.  There  is  also  agrowing  concern  about  GPS  degradation  by  Selective 
Availability.  In  this  context  GLONASS  is  of  increasing  interest  as  an  excellent  additional  source. 

For  about  five  years  the  University  of  Leeds  (Leeds.  UK)  has  operated  a  GPS/GLONASS  timing 
receiver  built  in-house,  and  provided  continuous  information  about  GLONASS  time  and  its  com¬ 
parison  with  GPS  time.  For  the  last  two  years  VNllFTRl  (Mendeleevo,  Moscow  Region,  USSR) 
and  some  other  Soviet  time  laboratories  have  used  Soviet-built  GLONASS  navigation  receivers  for 
time  comparisons.  Since  June  1991,  VNIIFTRI  has  been  operating  a  commercial  GPS  time  re¬ 
ceiver  on  loan  from  the  BIPM.  This  offers,  for  the  first  time,  an  opportunity  for  direct  comparison 
of  time  transfers  by  GPS  and  GLONASS  between  laboratories  of  West  Europe  and  USSR.  Values 
of  UTC(LDS)-UTC(SU)  and  UTC(OP)-UTC{SU),  as  provided  by  GPS  and  by  GLONASS,  are 
reported  together  with  estimates  of  the  errors  involved. 

This  experiment  covers  the  period  from  July  4  to  September  8,  1991.  The  GPS  Block  II  satel¬ 
lites  have  been  deleted  from  GPS  common-view  treatment  when  they  were  affected  by  Selective 
.Availability  (beginning  of  July  [3]). 


GLONASS  AND  GPS  OBSERVATIONS 
AT  THE  UNIVERSITY  OF  LEEDS 

The  time  laboratory  of  the  University  of  Leeds  is  equipped  with  the  three  following  time  receivers: 

-  TRIMBLE  5000A 

This  receiver  is  programmed  with  the  BIPM  international  common  view  schedule 
and  refers  to  UTC(LDS). 

-  TRIMBLE  4000A 

This  receiver  generates  a  1  PPS  synchronised  on  UTC(USNO)  as  broadcast  by  GPS 
satellites  with  an  uncertainty  of  100ns  [1]-  This  signal  is  the  external  reference  of 
the  Leeds  University  GPS/GLONASS  receiver. 

-  Leeds  University  GPS/GLONASS  receiver 

This  receiver  performs  the  measurements  of  UTC(USNO)-GPS  time  and 
UTC(USNO)- GLONASS  time. 

The  three  receivers  are  connected  to  the  one  omni-directional  antenna  and  use  the  same  set  of 
coordinates  expressed  in  the  WGS  84  reference  frame  with  an  uncertainty  of  3  m. 

In  the  past  GLONASS  observations  by  GPS/GLONASS  Leeds  University  receiver  provided  a  series 
of  navigational  solutions  expressed  in  the  Soviet  reference  frame  (SGS  85)  used  by  GLONASS 
satellites.  These  results  agreed  with  WGS  84  coordinates  within  5  meters. 

The  delays  of  the  receivers  are  known  approximately  within  20ns.  The  schema  of  the  whole  instal¬ 
lation  is  illustrated  in  Figure  1. 
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The  GPS/GLONASS  receiver  performs  the  measurements  almost  continuously,  observing  all  avail¬ 
able  GLONASS  satellites  and  a  selection  of  GPS  satellites  (all  Block  1  and  2  Block  11  satellites). 
For  a  given  satellite,  the  receiver  starts  measurements  of  UTC(USNO)-  satellite  time  and  does  this 
once  a  second  for  180s.  This  data  is  stored,  filtered  to  remove  outliers  and  averaged.  The  typical 
standard  deviation  for  180s  averages  is  50ns.  During  one  day  the  receiver  performs  roughly  340 
tracks  of  180s,  75%  of  them  corresponding  to  GLONASS  satellites.  Daily  averages  of  tracks  have  a 
standard  deviation  around  50ns  for  both  GPS  and  GLONASS  data.  These  results  are  not  corrected 
for  ionospheric  or  tropospheric  delays. 

The  GPS  observations  produced  by  the  GPS  TRIMBLE  5000A  receiver  are  used  in  this  study 
for  common- view  time  transfer  with  VNIIFTRI.  Previous  analysis  of  common-view  time  transfer 
between  the  University  of  Leeds  and  the  Paris  Observatory  showed  that  the  TRIMBLE  5000A 
data  is  affected  by  a  noise  which  limits  the  uncertainty  of  such  a  time  transfer  to  10-  15ns.  This 
noise  is  partly  due  to  uncertainty  in  the  coordinates.  Several  attempts  have  been  made  to  improve 
the  Leeds  antenna  coordinates  by  the  BIPM  method  [4].  All  of  them  produced  the  coordinates 
with  uncertainties  of  several  meters  which  indicates  other  than  geometrical  error  sources.  The 
TRIMBLE  5000A  receiver  was  programmed  during  this  experiment  with  the  37  13-minute  tracks 
of  the  BIPM  international  tracking  schedule  no  17  including  all  Block  I  and  Block  II  satellites. 
About  25  tracks  were  available  each  day  for  this  experiment. 


GLONASS  AND  GPS  OBSERVATIONS  AT  THE  VNIIFTRI 

The  USSR  State  Time  &  Frequency  Service  (VNIIFTRI)  is  located  in  Mendeleevo,  near  Moscow. 
This  organization  is  responsible  for  the  maintenance  of  the  Soviet  national  time  reference  UTC(SU). 
An  ensemble  of  high-quality  atomic  clocks,  mostly  hydrogen  masers,  is  operated. 

GLON.^SS  time  observations  at  VNIIFTRI  have  been  carried  out,  since  1989,  using  a  Soviet-built 
commercially  available  receiver  A-724  designed  for  aircraft  navigation.  The  receiver  is  supplied 
with  1  PPS  and  5  MHz  provided  by  the  VNIIFTRI  master  clock.  The  readings  of  the  master  clock 
are  corrected  “a  posteriori”,  to  transform  them  into  UTC(SU).  The  receiver  uses  a  fixed  model 
of  the  ionospheric  delay  and  does  not  correct  observations  for  tropospheric  delay.  The  antenna 
coordinates  are  expressed  in  the  Soviet  Geodetic  System  85  (SGS  85)  with  estimated  uncertainty 
of  order  5m  provided  by  a  series  of  navigational  solutions. 

There  are  three  to  five  observations  per  day  of  UTC(SU)-GLONASS  time.  AU  of  them  are  per¬ 
formed  at  low  elevations  in  the  direction  of  East.  With  the  limited  model  of  ionosphere  and  the 
lack  of  tropospheric  correction  this  particular  configuration  of  observations  can  produce  a  bias. 

.‘\s  an  estimated  uncertainty  for  the  daily  averages  of  UTC(SU)-GLONASS  time,  we  adopted  the 
value  of  50ns  as  already  deduced  for  the  observations  at  the  University  of  Leeds. 

Since  .lune  1991  VNIIFTRI  has  operated  a  commercial  GPS  time  receiver  on  loan  from  the  BIPM 
referred  to  SU  master  clock.  The  delay  of  the  GPS  receiver  was  determined  by  the  comparison 
with  the  Paris  “on  line”  GPS  receiver  [5].  The  coordinates  of  its  antenna  were  determined  by  the 
BIPM  method  [4]  and  expressed  in  the  ITRF  reference  frame  [6]  with  an  uncertainty  of  Im.  The 
receiver  is  programmed  with  37  daily  tracks  according  to  the  BIPM  tracking  schedule  no  17.  About 
35  tracks  were  available  each  day  for  this  study.  The  GPS  installation  at  the  VNIIFTRI  allows  the 
comparison  of  the  UTC(SU)  in  common  view  mode  to  the  West  European  time  laboratories  with 
an  accuracy  of  a  few  ns. 
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GLONASS  TIME  TRANSFER  BETWEEN 
MENDELEEVO  AND  WESTERN  EUROPE 


To  realize  time  transfer  between  Leeds  and  Mendeleevo  via  GLONASS  we  use  the  measurements  of 
UTC(SU)-GLONASS  time,  UTC(LDS)-GPS  time,  and  GLONASS  time-GPS  time.  Combination 
of  these  three  values  gives  UTC(SU)-UTC(LDS). 

VNIIFTRI  provides  the  daily  values  of  UTC(SU)-GLONASS  time  with  uncertainty  of  50ns  and 
Leeds  provides  the  measurements  of  UTC(LDS)-GPS  time  realized  by  the  TRIMBLE  5000A  re¬ 
ceiver.  The  25  or  so  available  daily  measurements  of  UTC(LDS)-GPS  time  are  smoothed  at  the 
BIPM  to  provide  daily  values  at  Oh  UTC  with  an  uncertainty  of  1.5ns. 

To  obtain  the  values  of  GLONASS  time-GPS  time  we  use  the  daily  averages  of  UTC(USNO)- 
GLON.4SS  time  and  UTC(USNO)-GPS  time  provided  by  Leeds  with  uncertainties  of  50ns.  We 
believe  that  these  two  measurements  are  affected  partly  by  the  same  systematic  biases  (uncertainty 
of  the  UTC(USNO)  as  locally  reconstituted,  ionospheric  delay,  coordinates,...).  For  this  reason 
when  we  remove  UTr(USNO)  by  differencing  the  above  measurements  to  obtain  the  daily  values 
of  GLONASS  time-GPS  time,  we  adopt  the  uncertainty  of  50ns  for  this  difference. 

For  the  final  values  of  UTC(LDS)-UTC(SU)  obtained  from  this  process  we  adopt  an  uncertainty 
of  70ns,  which  is  derived  from  the  quadratic  combination  of  the  involved  uncertainties. 

We  have  also  realized  the  comparison  of  UTC(SU)  with  the  Paris  Observatory  time  scale  UTC(OP) 
using  both  systems  GLONASS  and  GPS.  Paris  Observatory  operates  a  commercial  GPS  time 
receiver  connected  to  UTC(OP).  The  comparison  of  UTC(SU)  with  UTC(OP)  via  GLONASS  was 
realized  in  a  similar  way  to  that  described  above,  the  values  UTC(LDS)-GPS  time  replaced  by 
UTC(OP)-GPS  time.  The  35  or  so  available  daily  measurements  of  UTC(OP)-GPS  time  are 
smoothed  at  the  BIPM  to  provide  daily  values  at  Oh  UTC  with  an  uncertainty  of  7ns.  The  final 
values  of  UTC(OP)-UTC(SU )  via  GLONASS  are  provided  with  an  estimated  uncertainty  of  70ns. 


GPS  COMMON- VIEW  TIME  TRANSFER 
BETWEEN  MENDELEEVO  AND  WESTERN  EUROPE 

The  common-view  time  transfer  between  Mendeleevo  and  Leeds  was  realised  with  about  25  tracks 
available,  and  between  Mendeleevo  and  Paris  with  about  35  daily  tracks  available.  In  both  cases  a 
Vondrak  smoothing  [7],  which  acts  as  a  low-pass  filter  with  a  cut-off  period  of  about  3  days,  was 
performed  on  the  common-view  values.  For  this  experiment,  the  smoothed  values  are  interpolated 
for  Oh  UTC  of  each  day.  The  precision  of  both  time  links  is  estimated  from  the  residuals  of  the 
smoothed  values.  Over  the  period  of  this  study,  the  residuals  ranged  from  12  to  15ns  for  the 
UTC(LDS)  -UTCfbU)  and  3  to  4  ns  for  the  UTC(OP)-UTC(SU). 


COMPARISON  OF  GLONASS  AND  GPS 

Time  transfer  via  GLONAS.S  between  Mendeleevo  and  two  West  European  laboratories  was  realized 
with  an  estimated  uncertainty  of  70ns.  The  GP.S  common-view  time  transfer  provided  a  time  link 
between  Mendeleevo  and  Leeds  with  an  uncertainty  of  about  15ns  and  between  Mendeleevo  and 
Paris  with  an  uncertainty  of  about  4ns.  ,»\rrordingIy  the  comparison  of  GLONASS  with  GPS  for 
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the  Leeds-Mendeleevo  link  has  an  estimated  uncertainty  of  80ns  and  for  Mendeleevo-Paris,  70ns. 

The  daily  differences  between  the  two  methods  are  presented  in  figures  2  and  3.  Use  of  the  modified 
Allan  variance  (Figures  4  and  5)  allows  us  to  characterize  the  noise  affecting  the  values  of  comparison 
for  each  of  the  two  links.  For  both  links  the  data  exhibit  white  phase  noise  up  to  an  averaging  time 
of  about  4  days.  This  justifies  computation  of  mean  values  for  periods  of  duration  up  to  4  days 
and  corresponding  standard  deviations  of  the  mean.  For  a  4-day  averaging  period  the  results  are 
as  follows: 


Period  MJD 

Mean  values  of 

Stand. 

Mean  values  of 

Stand 

GPS-GLONASS 

dev. 

GPS-GLONASS 

dev. 

for 

for 

UTC(OP)-UTC(SU) 

UTC(LDS)-UTC(SU) 

(ns) 

(ns) 

(ns) 

(ns) 

48440-48443 

-64 

2 

-91 

2 

48444-48447 

-44 

5 

-55 

13 

48448-48451 

-54 

2 

-70 

6 

48452-48455 

-48 

2 

-44 

10 

48456-48459 

-45 

5 

-44 

5 

48460-48463 

-40 

2 

48464-48467 

-43 

9 

48468-48471 

-43 

10 

-52 

10 

48472-48475 

-42 

6 

-42 

7 

48476-48479 

-48 

9 

-57 

12 

48480-48483 

-44 

4 

-27 

10 

48484 -48487 

-44 

9 

-43 

8 

48488-49491 

-12 

5 

-28 

17 

48492-48495 

-2 

2 

-5 

2 

48496-48499 

12 

3 

18 

4 

48500-48503 

-3 

8 

2 

15 

48504-48507 

-3 

4 

-10 

14 

This  table  shows  a  fairly  constant  bias  of  about  —45ns  between  the  two  techniques  for  the  first 
period  of  the  experiment  (MJD  period:  48440-48487)  and  for  the  two  links.  A  sharp  change 
then  occurs,  reducing  the  bias  to  roughly  0ns.  As  we  do  not  know  the  differential  delays  between 
GLONAS.S  equipments,  the  bias  does  not  have  meaning,  and  this  comparison  relates  only  to  preci¬ 
sion.  The  sharp  change  in  the  bias  could  be  explained  by  the  low'  elevation  of  the  observations  and 
their  orientation  in  only  one  direction  (far  East)  at  Mendeleevo.  In  the  absence  of  good  estimates 
of  ionospheric  delay  the  changes  in  solar  activity  should  have  a  significant  effect  on  the  measure¬ 
ments.  Also  frequent  changes  in  the  hour  of  observations  at  Mendeleevo  could  introduce  a  bias 
into  measurements  caused  by  ionospheric  delay.  The  ionospheric  conditions  change  dramatically 
between  day  and  night. 

One  can  also  observe  a  lower  noise  level  for  the  link  between  Paris  and  Mendeleevo  than  that 
between  Leeds  and  Mendeleevo.  This  can  be  explained  mainly  by  more  accurate  coordinates  at 
Paris. 
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We  have  computed  the  mean  values  of  the  differences  GPS-GLONASS  for  each  of  two  links  for 
the  68  days  of  this  experiment.  As  the  noise  is  not  white  for  this  period  we  adopt  the  root  mean 
square  of  the  residuals  to  the  mean  as  an  estimation  of  the  confidence  of  the  mean.  The  mean  value 
for  the  link  Paris-Mendeleevo  is  —33ns  with  estimated  confidence  24ns  and  for  the  link  Leeds- 
Mendeleevo  respectively  —38ns  and  32ns.  Both  estimates  of  confidence  for  the  period  of  this  study 
are  significantly  lower  that  for  our  estimation  of  the  uncertainties  of  the  involved  measurements 
(70ns  and  80ns).  This  indicates  that  our  estimates  are  too  conservative.  However,  a  longer  period 
of  comparison  is  required  to  obtain  more  precise  specification  of  the  uncertcdnty  of  this  comparison. 


CONCLUSION 

This  study  shows  that  even  with  relatively  imprecise  data  recording  and  processing,  in  terms  of  time 
metrology,  GLONASS  can  provide  continental  time  transfer  at  a  level  of  several  tens  of  nanoseconds. 
By  introducing  common-views,  this  performance  should  be  significantly  improved.  Further  possible 
improvements  are  the,  at  least  partial,  removal  of  ionospheric  and  tropospheric  delays.  More  precise 
determination  of  GLONASS  antenna  coordinates  in  the  SGS  85  reference  frame  is  another  task. 
The  development  of  automatic  GLONASS  receivers  dedicated  especially  for  time  transfer  would  be 
a  most  significant  breakthrough. 
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ACRONYMS 


BIPM  Bureau  International  des  Poids  et  Mesures 

GLONASS  Global  Navigation  Satellite  System 

GPS  Global  Positioning  System 

lERS  International  Earth  Rotation  Service 

ITRF  lERS  Terrestrial  Reference  Frame 

LDS  University  of  Leeds,  Leeds,  United  Kingdom 

OP  Paris  Observatory,  Paris,  France 

SA  Selective  Availability  of  GPS 

SGS  Soviet  Geodetic  System 

TAI  International  Atomic  Time 

USNO  US  Naval  Observatory,  Washington  D.C. 

UTC  Coordinated  Universal  Time 

UTC(LDS)  Coordinated  Universal  Time  realized  by  the 
University  of  Leeds 

UTC(OP)  Coordinated  Universal  Time  realized  by  the  Paris 
Observatory 

UTC(SU)  Coordinated  Universal  Time  realized  by  the  VNIIFTRI 
VNIIFTRI  Vsiesoiuznyi  Naouchno  Issliedovatielskii  Institut 
Fiziko  Tieknichieskih  i  Radiotieknichieskih 
Izmierienii  (All  Union  Institute  for  Physical, 

Technical  &  Radiotechnical  Measurements). 

WGS  World  Geodetic  System 
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Omni  directional  antenna 
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Figure  1.  Schema  of  installation  of  time  receivers  at  the  University  of  Leeds. 
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Figure  2.  UTC(LDS)-UTC(S’I)  as  obtained  by  GPS  minus  UTC(LDS)-UTC(SU)  as 
obtained  by  GLONASS+GPS.  Daily  values  interpolated  for  Oh  UTC. 
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Figure  3.  UTC  (OP) -UTC  (SU)  as  obtained  by  GPS  minus  UTC  (OP) -UTC  (SU)  as 
obtained  by  GLONASS+GPS.  Daily  values  interpolated  for  Oh  UTC. 


349 


A  Proposed  Time  Transfer  Experiment 
Between  the  USA  and  the  South  Pacific 


John  Luck 

Australian  Surveying  and  Land  Information  Group 
Canberra,  ACT  Australia 

John  Dunkley 

Defence  Science  and  Technology  Organisation 
Salisbury,  SA  Australia 

Tim  Armstrong 

Department  of  Scientific  and  Industrial  Research 
Lower  Hutt,  New  Zealand 

A1  Gifford,  Paul  Landis,  Scott  Rasmussen  and  Paul  Wheeler 
Department  of  Defense 
Washington,  DC  USA 

Tom  Bartholomew  Sam  Stein 

The  Analytic  Sciences  Corporation  (TASC)  Timing  Solutions  Corporation 
Linthicum,  MD  USA  Boulder,  CO  USA 


Abstract 

This  paper  describes  the  concept,  architecture  and  preliminary  details  of  an  experiment  directed 
towards  providing  continuous  Ultra  High  Precision  (UHP)  time  transfer  between  Washington,  DC; 
Salisbury,  SA  Australia;  Orroral  Valley,  ACT  Australia;  and  Lower  Hutt,  New  Zealand.  It  further 
describes  a  proposed  method  of  distributing  UTC(USNO)  at  a  high  level  of  precision  to  passive 
users  over  a  broad  area  of  the  South  Pacific, 

The  concept  is  based  on  active  two-way  satellite  time  transfer  from  the  United  States  Naval 
Observatory  (USNO)  to  the  proposed  USNO  Master  Clock  West  (MCW)  in  Wahiwa,  HI  USA  at 
the  1  nanosecond  level  using  active  satellite  two-way  time  transfer  augmented  by  Precise  Position¬ 
ing  Service  (PPS)  of  the  Global  Positioning  System  (GPS).  MCW  would  act  as  an  intermediate 
transfer /reference  station,  again  linked  to  Salisbury  at  the  1  nanosecond  level  using  active  satellite 
two-way  time  transfer  augmented  by  PPS  GPS.  From  this  point,  time  would  be  distributed  with¬ 
in  the  region  by  two  methods.  The  first  is  an  existing  TV  line  sync  system  using  an  Australian 
communications  satellite  (AUSSAT  Kl)  which  is  useful  to  the  20  nanosecond  level.  The  second 
approach  is  RF  ranging  and  multilateration  between  Salisbury,  Orroral  Observatory,  Lower  Hutt 
and  the  AUSSAT  B1  and  B2  to  be  launched  in  1992.  Orroral  Observatory  will  provide  precise  laser 
ranging  to  the  AUSSAT  B1/B2  retro  reflectors  which  will  reduce  ephemcris  related  time  transfer 
errors  to  below  1  nanosecond.  The  corrected  position  will  be  transmitted  by  both  the  time  transfer 
modem  and  the  existing  TV  line  sync  dissemination  process.  Multilateration  has  the  advantage 
of  l)eing  an  all  weather  approach  and  when  used  with  the  laser  ranging  technique  will  provide  a 
precise  measurement  of  the  propagation  path  delays.  This  will  result  in  time  transfer  performance 
levels  on  the  order  of  10  nanoseconds  to  passive  users  in  both  Australia  and  New  Zealand. 


351 


Introduction 


The  motivation  for  the  proposed  time  transfer  experiment  between  the  USA  and  the  South  Pacific  is 
rooted  in  the  Geographic  Dependence  and  Latitude  EflFects  Study  (GDLE)[1].  The  GDLE  Study  was 
conducted  over  a  12  month  period  to:  1)  investigate  and  verify  the  existence  of  reported  juiomalies, 
the  so-called  "bowing  efiect",  in  GPS  time  recovery;  2)  analyze  the  potential  causes;  and  3)  determine 
procedures  to  maiximize  overall  time  transfer  performance  in  the  geographic  area  of  interest.  Based  on 
the  preliminary  results  of  the  GDLE  we  have  concluded  that  the  major  GPS  time  transfer  anomalies 
result  from  uncompensated  clock  and  ephemeris  errors  in  the  daily  GPS  uploads.  In  addition  we  .see 
evidence  of  a  long  term  effect  which  may  be  seasonal  in  nature. 

As  further  motivation,  the  Australian  Government  has  a  requirement  to  coordinate  their  national 
time  scale  to  UTC  and  to  disseminate  this  time  nationally  and  regionally  to  a  high  level  of  accuracy. 
Their  specific  aim  is  to  guarantee  the  general  availability  of  UTC(AUS)  at  an  accuracy  approaching  1 
nanosecond  (Icr)  through  a  low  cost  operational  service.  As  part  of  that  process  they  are  interested  in 
evaluating  alternative  methods  of  acquiring  and  distributing  time.  With  the  advent  of  SA/AS  it  has 
become  important  to  explore  independent  techniques  which  can  be  u.sed  to  augment  GPS. 

The  proposed  experiment  is  therefore  designed  to  support  the  participants  interests  by:  1)  provid¬ 
ing  long  term  monitoring  of  GPS  one-way  time  recovery  using  Standard  Positioning  Service  (SPS) 
and  PPS  receivers;  2)  implementing  a  high  precision,  GPS  independent,  time  transfer  linkage  be¬ 
tween  UTC(USNO)  and  Salisbury  Australia;  and  3)  testing  an  improved  regional  TV  line  synch  time 
dissemination  method. 

It  is  believed  that  the  propo.sed  experiment  would,  in  conjunction  with  the  previously  described  GDLE, 
eliminate  or  confirm  the  presence  of  long  term  variations  in  GPS  time  transfer  to  Australia.  It  would 
also  establish  a  mechanism  for  nanosecond  level  time  transfer  to  Australia  and  exercise  an  improved 
regional  precise  time  distribution  methodology. 


Concept 


Refering  to  Figure  1,  the  concept  is  based  on  active  two-way  Ku-band  satellite  time  transfer,  using  the 
Satellite  Business  Systems  SBS-5,  from  the  United  States  Naval  Observatory  (USNO)  in  Washington, 
DC  (Figure  2)  to  the  proposed  USNO  Master  Clock  West  (MCW)  in  Wahiwa,  HI  USA  (Figure  3).  This 
technique  has  been  used  operationally  at  the  sub- nanosecond  level  and  is  expected  here  to  be  u.sable 
to  1  nanosecond.  MCW  would  operate  as  an  intermediate  transfer/reference  station,  again  linked  to 
Salisbury  at  the  1  nanosecond  level  using  active  two-way  X-band  satellite  time  transfer  modems,  via 
the  Defease  Satellite  Communications  System  (DSCS)  Western  Pacific  Satellites,  augmented  by  SPS 
and  PPS  GPS. 
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From  Salisbury  (Figure  4),  time  would  be  distributed  within  the  region  by  two  methods.  The  first  is 
Ein  existing  TV  line  sync  system  using  an  Australian  communications  satellite  (AUSSAT  Kl)  (Figure 
5).  With  after-the-  fact  ephemeris  correction,  this  is  useful  to  the  20  nanosecond  level.  The  second 
approach  is  an  improvement  to  be  implemented  with  the  AUSSAT  B1/B2  satellites  to  be  launched  in 
1992.  These  satellites  will  be  fitted  with  retro  reflectors.  Laser  ranging  from  the  Orroral  Observatory 
and  RF  ranging  (clock  difference  measurements)  from  Salisbury,  Hobart,  and  Sydney  along  with  iono¬ 
spheric  corrections  will  ultimately  reduce  ephemeris  related  time  transfer  errors  to  the  1  nanosecond 
level.  The  corrected  position  will  be  transmitted  by  the  existing  TV  line  sync  dis.semination  process 
and  the  time  transfer  modem. 

As  a  future  enhancement,  multilateration  (RF  ranging)  from  Salisbury,  Orroral  Valley  and  Lower 
Hutt  offers  the  advantage  of  all  weather  operations  and  when  u.sed  with  he  laser  ranging  technique 
will  provide  a  higher  precision  measurement  of  the  propagation  path  delays.  'I’his  will  result  in  time 
transfer  performance  levels  on  the  order  of  10  nanoseconds  to  passive  u.sers  in  both  Australia  zind  New 
Zealand. 


Elements  of  the  Experiment 
1.  ENSEMBLE 

The  requirements  for  time-keeping  and  frequency  control  at  both  MOW  and  Salisbury  will  be  sup¬ 
ported  by  a  .system  known  as  ENSEMBLE.  It  is  a  multi-clock  time  .system  capable  of  keeping  stable 
time  and  frequency  linked  to  UTC(USNO)  based  on  the  u.se  of  the  Precise  Positioning  Service  (PPS) 
of  the  Global  Positioning  System  (GPS). 

ENSEMBTyR  (see  Figure  6)  will  monitor,  weight  and  combine  the  outputs  of  up  to  8  clocks  in  a  Kalman 
filter  algorithm  known  as  Kalman  Aiding  Sources  Version  2  (KAS-2),  similar  to  the  one  in  use  at  the 
GPS  Master  Control  Station  (MCS)[2].  KAS-2  is  used  to  create  a  paper  clock  within  a  controlling 
computer  that  is  the  best  estimate  of  the  correct  time.  The  frequencies  of  2  of  the  contributing  cesium 
clocks  will  be  steered  long-term  to  UTC-USNO  u.sing  highly  filtered  continuous  comparisons  with 
GPS.  The  short  term  performance  of  ENSEMBLE  is  based  on  the  inherent  stability  of  the  cesium 
clocks.  For  periods  of  24  hours  or  longer  the  frequency  of  the  clock  en.semble  is  steered  to  the  GPS 
constellation  with  the  ENSEMBLE  software.  The  .steering  correction  Is  integrated  over  several  days 
to  eliminate  short  term  upsets. 

To  insure  reliability  there  are  3  levels  of  backup  which  include:  1)  system  level  redundancy  in  clocks, 
receivers,  computers  and  lime  code  generators;  2)  manual  override  aind  operation  of  ENSEMBLE; 
and  3)  finally  the  ability  to  support  the  entire  .system  with  a  single  stand-alone  clock.  ENSEMBLE 
will  provide  for  performance  monitoring  and  fault  detection  through  a  set  of  outputs  which  will  be 
remotely  interfaced  to  the  USNO. 

Using  PPS  GPS,  as  it  is  currently  operating,  ENSEMBLE  will  provide  an  aKsolute  time  accuracy 
of  <30  nanoseconds  (RMS),  not-to-exceed  150  nanoseconds  (ficr)  with  respect  to  UTC(USNO).  The 
frequency  stability  at  one  day  will  be  less  than  2x10“'“*,  at  ten  days  less  than  lxl0~^^,  and  less  than 
5x10“*^  at  thirty  days. 
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2.  Satellite  Two-Way  Time  Transfer  Modem 


Two  way  time  transfer  uses  Very  Small  Aperture  Terminals  (VSAT)  and  communication  satellites  to 
link  time  transfer  modems  at  each  location.  A  pulse  is  transmitted  from  each  end  every  .second  and  its 
time  of  arrival  is  measured  at  the  other  end  relative  to  the  local  clock  (Figure  7).  The  measurement  is 
equal  to  the  difference  between  the  two  clocks  plus  the  delays  of  the  path  and  hardware.  'I'ypical  errors 
in  the  process,  when  care  is  taken  to  calibrate  the  equipment  and  cables,  are  about  a  nanosecond. 


Measurement  location  A  =  Time  a  —  Times  +  DELAYbioA 


Measurement  locaiionB  =  Times  —  Time^  +  DELAYaioB 


MeasurcmentA  —  Measurements  =  2{TimeA  —  Times) 

If  the  delays  and  hardware  are  equal  the  difference  in  clocks  A  and  B  can  be  found  by  taking  half  the 
difference  in  the  two  measurements.  In  practice  the  two  delays  are  not  equal.  They  differ  becau.se  of 
hardware,  ionospheric  path  delays  and  earth  rotation.  The  hardware  differences  can  be  measured  by 
comparing  systems  before  deployment.  Path  differences  caused  by  the  Sagnac  efifcct  can  be  calculated 
with  approximate  knowledge  of  the  equipment  and  .satellite  locations.  The  differences  in  the  ionosphere 
are  under  100  picoseconds  at  the  12  —  14ghz  operating  frequency  and  the  2  ghz  offset  between  the 
transmitting  and  receiving  frequencies. 

Typically  the  two  way  operation  is  accomplished  with  a  master  site  and  severed  slave  sites  (Figure  8). 
The  slave  sites  will  only  respond  upon  command  of  the  master  site.  Data  measurements  are  exchanged 
between  the  two  location  over  the  same  link  that  is  transmitting  the  pul.se. 

The  advantages  of  the  two  way  technique  over  GPS  time  transfer  include  1)  two  way  does  not  need 
accurate  information  on  antenna  or  satellite  locations,  2)  tropospheric  effects  cancel;  and  3)  ionospheric 
path  delay  errors  are  less  than  100  picoseconds.  The.se  result  in  a  more  accurate  time  transfer. 

The  100  picosecond  number  for  ionospheric  path  delay  is  for  Ku-band  operation.  At  X-band  the  delay 
in  each  path  is  higher  due  to  the  inverse  frequency  effect  but  the  difference  between  transmi.ssion 
and  receiving  frequency  is  less.  The  projected  ionosphere  errors  at  X-band  are  therefore  about  150 
picoseconds. 

To  perform  two  way  time  transfers  between  some  locations  it  is  necessary  to  a  use  an  intermediate 
relay  point.  The  relay  point  may  be  equipped  with  zero,  one  or  two  modems.  With  zero  modems  the 
two  terminals  are  cabled  together  causing  the  total  link  noise  to  be  the  sum  of  the  two  par*^s.  This 
saves  equipment  but  does  not  provide  time  transfers  at  the  relav  point.  With  one  modem,  .sequential 
time  transfer  may  be  done  by  using  the  local  clock  to  flywheel  between  transfers.  With  two  modems, 
simultaneous  transfers  may  be  done  thus  eliminating  any  small  errors  in  the  relay  clock. 
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3.  Orroral  Observatory /AUSS AT  Time  Dissemination 


The  Australian  national  system  of  precise  time  comparisons  embodied  in  UTC(AUS)  is  accomplished 
by  measurement  of  TV  signals  from  AUSSAT  supported  by  orbit  information  supplied  by  AUSSAT 
Belrose  and  by  time  measurements  from  the  GPS  which  provide  the  relationship  of  UTC(AUS)  to 
International  Atomic  Time  (lAT)  and  UTC(BIPM).  Precision  and  accuracy  are  currently  estimated 
to  be  on  the  order  of  50  nanoseconds.  Precision  improves  to  about  10  nanoseconds  when  AUSSAT’s 
orbit  is  improved  using  GPS  results  (Figures  5  and  9).  The  Orroral  Laser  Ranging  System  is  being 
upgraded  for  ranging  to  retroreflectors  on  the  AUSSAT  B  spacecraft  with  5  cm  precision  and  accuracy 
for  much  better  orbits.  Locally  generated  GPS  orbits,  precise  base  station  location  and  ionospheric 
calibration,  already  planned  for  a  national  ’zero-order’  geodetic  network  tied  to  VLBI  and  laser  ranging 
sites,  will  add  strength  and  reliability  to  the  TV  method. 

ABC  TV  signals  transmitted  from  AUSSAT  K1  provide  times  of  arrival  (TOA)  of  arbitrary  but  well 
deflned  sync  pulses.  These  are  measured  with  respect  to  local  clocks  at  participating  .stations  as  shown 
in  Figure  5.  The  measurement  equipment  typically  includes  a  1.5  meter  dish,  LNA,  B-MAC  decoder 
and  sync  pulse  selector,  and  an  ordinary  TV  .set  as  shown  in  Figure  9. 

If  to  is  the  time  of  transmission,  Xi  the  measured  time  of  reception,  Ti  the  clock  error,  di  the  receiver 
delay,  e,  the  unmodelled  random  and  .systematic  error  such  as  ionospheric  and  relativistic  effects,  and 
pi  the  propagation  delay  from  satellite  to  station  i,  then: 


Xi  =  to  +  Ti  +  d,  +  Pi +e^ 


whence: 


Xi  -  Xj  =  {Ti  -  Tj)  -f-  {di  -  dj)  +  (pi  -  Pj)  -I-  (ci  -  Cj) 

The  relative  cloek  error  Ti  —  7}  is  readily  determined  when  the  relative  propagation  delay  pi  —  pj  has 
been  calculated  from  supplied  orbital  and  receiver  location  data,  provided  the  relative  receiver  delay 
di  —  dj  has  been  calibra.,ed.  Results  for  the  clock  differences  between  the  .lydrogen  masers  at  Moun' 
Pleasant  Observatory  in  Hobart  and  the  National  Measurements  Laboratory  (NML)  in  Sydney  .show 
a  precision  of  70  nanoseconds,  which  includes  error  contributions  from  the  clocks,  the  measurements, 
the  ionosphere  and  the  orbit. 

Alternatively,  when  the  relative  clock  error  is  already  known  from  Independent  GPS  time  comparisons 
at  .several  ’Master’  stations,  the  relative  propagation  delays  pi  —  pj  can  be  calculated  and  used  as 
pseudo-range  differences  to  improve  the  spacecraft’s  orbit  which  is  then  applied  to  the  corrections  for 
’Remote’  stations.  For  this  purpose,  measurements  are  taken  hourly.  The  results,  when  GPS  time 
results  from  ’Master’  stations  at  NML,  Orroral,  Telecom  Research  Laboratories  in  Melbourne  and 
Yarragadee  SLR  have  been  added  to  solve  for  semi-major  axis,  eccentricity,  inclination  and  relative 
receiver  delays  (station  biases)  show  a  precision  of  13  nanoseconds  for  a  2-day  fit  after  editing  some 
outliers. 

AUSSAl  orbital  positions  measured  by  radar  tracking  from  the  Earth  Station  at  Belrose  are  accurate 
to  30  metres.  The  improvement  brought  about  by  combining  GPS  time  measurements  with  the  TV 
measurements  is  geometrically  weak  for  perigee,  node  and  anomaly  solutions,  and  under  threat  from 
the  policy  of  ’Selective  Availability’. 
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The  next  generation  of  AUSSAT’s,  B1  and  B2,  will  be  launched  in  1992  and  will  each  carry  an 
array  of  14  38  mm  diameter  retroreflectors  (James,  Steel  and  Evans,  1990).  The  range  error  from 
the  upgraded  Orroral  laser  will  be  less  than  5  cm  with  a  pointing  error  of  2-3".  It  would  be  highly 
desirable  to  upgrade  the  Yarragadee  SLR  station  as  well,  to  add  strength  to  the  .solution  for  in-orbit 
longitude. 

The  geodetic  positions  of  the  AUSSAT  and  CJPS  antennas  need  to  be  known  to  better  than  30  cen¬ 
timeters  to  achieve  the  1  nanosecond  time  transfer  goal.  All  participating  locations  must  be  located 
to  that  accuracy  on  a  common  geodetic  datum. 

Australian  fiducial  stations  located  at  Orroral,  Yarragadee,  Tidbinbilla,  Alice  Springs,  Gnangara, 
and  Town.s-ville  will  become  the  basis  for  the  "zero-order"  national  network.  This  network  will  be 
integrated  with  the  timing  network  and  will  provide  the  capability  for  producing  accurate  coordinates 
for  time  transfer,  ionospheric  corrections  for  GPS,  and  a  regional  GPS  orbit  determination  service. 


4.  Salisbury /DM A  Installation 


The  installation  at  Salisbury  will  be  as  shown  in  Figure  4.  The  time/frequency  reference  will  consist  of 
a  truncated  version  of  ENSEMBLE  with  a  single  computer,  one  measurement  system,  one  GPS  PPS 
time  recovery  receiver,  and  a  minimum  of  3  cesium  beam  frequency  standards,  at  least  one  of  which 
will  be  steerable.  The  ENSEMBLE  computer  will  be  directly  interfaced  to  the  NRL  satellite  time 
transfer  modem  which  will  provide  regular  time  transfers  from  MCW  via  the  DSCS.  This  is  expected 
to  maintain  the  local  ENSEMBLE  estimate  of  UTC(USNO)  to  within  2  nano.seconds  (RMS).  The 
calibrated  ENSEMBLE  UHP  1  PPS  and  5  Mhz  outputs  will  be  buffered  and  supplied  to  the  AUSSAT 
TV  time  dis.semination  system. 

The  existing  DMA  monitor  station  at  Salisbury  consists  of  2  T14100A  receivers,  an  HP5061  cesium 
frequency  standard,  an  HP5065A  rubidium  frequency  standard,  a  LORAN  C  receiver,  a  computer  and 
a  phone  modem.  It  is  expected  that  the  DMA  .system  will  be  upgraded  in  1992. 


Data  Collection  and  Analysis 


The  participants  have  planned  to  put  the  elements  of  the  experiment  in  place  over  the  next  9-12 
months.  Operation  of  MCW  will  begin  in  the  September  1992  time  frame  with  the  remaining  segments 
coming  on  line  as  equipment  and  resources  become  available.  It  is  hopexl  that  data  collection  cam  be 
maintained  over  a  minimum  period  of  12  months. 


356 


Data  collection  will  be  designed  to  build  the  following  data  sets: 

•  Salisbury 

-  UTC(USNO)  versus  local  clock 

*  via  two-way  satellite  time  transfer  modem 

*  via  GPS  one-way  broadcast 

•  real-til  le  using  local  ENSEMBLE  PPS  system 

•  real-time  using  local  DMA  SPS  system 

•  post-time  using  both  of  the  above  with  post-fit  DMA  GPS  ephemerides 
—  UTC  (AUS)  versus  local  clock 

*  viaAUSSATKl 

*  via  AUSSAT  B1/B2  with  ephemeris  corrections  (when  available) 

•  Hawaii 

-  UTC(USNO)  versus  MCW 

*  via  two-way  satellite  time  transfer  modem 

*  via  GPS  one-way  broadcast 

•  real-time  using  local  ENSEMBLE  SPS  system 

•  real-time  using  local  ENSEMBLE  PPS  system 

•  post-time  using  local  ENSEMBLE  PPS  system  and  DMA  post-fit  GPS  ephemerides 

*  via  common  view  with  USNO  (PPS  and  SPS) 

Preliminary  plans  for  data  analysis  include: 

•  Difference  and  compare  Salisbury  and  MCW  data  sets 

-  UTC{USNO),i,ppsiGPS  -  UTC{USNO),iaTr.o^ay 

-  UTCiUSNO),i^sPS/GPS  -  UTC{USNOUaT^ou,ay 

-  UTC{USNO)y^ppsiGPs  -  UTC{U SN 0)yiaSPSiGPS 

-  UTC{USNO)viaAUSSATK\  -  UTC{USNO)yiaPPS/GPS 

-  UTC{USNO)viaAUSSATKl  -  UTC{USNO)„iaSPS/GPS 

•  Compare  two-way  time  transfer  configurations 

-  pass-through  method  in  Hawaii 

-  direct  retransmission  in  Hawaii 

-  sequential  transmissions  in  Hawaii 

•  Compare  time  transfer  modem  ranging  performance  to  existing  ranging  systems. 
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AUSSAT  TV  Measurement  System 
_ Ficnire  9 _ 


362 


QUESTIONS  AND  ANSWERS 


Dr.  Claudine  Thomas,  BIPM;  The  BIPM  is  very  interested  in  this  experiment  because  of 
the  difficulty  of  obtaining  a  good  time  transfer  link  between  Australia,  New  Zealand  and  America. 

Dr.  Robert  Vessot  SAO:  Will  the  modem  that  you  have  at  NRL,  the  two-way  time  transfer 
modem,  operate  two-way  with  more  than  one  station  at  the  same  time? 

Mr.  Gifford:  No,  not  at  the  same  time.  It  can  communicate  to  a  number  of  stations,  but  only 
does  time  transfer  to  one  at  a  time. 

G.  Petit,  BIPM:  How  do  you  get  the  precise  ephemeris?  You  need  at  least  three  stations  to 
obtain  the  data.  Are  there  only  two  stations  as  shown  on  your  slide? 

Mr.  Gifford:  1  only  showed  two  on  the  slide,  but  NASA  has  about  five  stations  in  the  grid. 
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GEOSTATIONARY  SATELLITE  POSITION  DETERMINATION  FOR 
COMMON-VIEW  TWO-WAY  TIME  TRANSFER  MEASUREMENTS 


Zhuang  Qbdang  and  RJ.  Douglas 
INMS,  National  Research  Council 
Ottawa,  Canada  K1A0R6 

Abstract 

In  common-view  two-way  time  transfer,  each  earth  station  receives  an  unwanted  return  signal  from  its  own 
transmission  as  well  as  the  desired  signal  from  the  other  earth  station.  NRC,  NIST  and  USNO  have  been 
cooperating  in  a  three-comer  common-view  two-way  time  transfer  experiment.  Some  systematic  effects  are 
known  to  depend  on  the  position  of  the  satellite  (Sagnac  effect  and  the  cross-correlation  pulling  of  the 
pseudo-random  codes). 

A  method  is  presented  for  deriving  accurate  satellite  ranges  from  each  of  three  stations  doing  common-view 
two-way  satellite  time  transfer  measurements,  when  one  (and  only  one)  station  also  takes  ranging  measure¬ 
ments  on  its  “unwanted  return  signal”  for  a  brief  period.  The  method  is  applied  to  determine  the  variations 
in  position  of  the  satellite  used  over  the  course  of  the  NRC/NISTIUSNO  SBS-3  experiment,  with  ranging  data 
taken  at  NRC,  where  no  additional  hardware  was  required  to  automate  the  process. 

The  fit  and  extrapolation  which  are  employed  in  this  method  have  an  estimated  precision  of  2  m.  If  the  delays 
of  SBS-3  satellite  Ku  band  transponder  and  earth  station  equipment  were  measured  accurately  as  well  as  the 
tropospheric  refractions  were  well  modeled  and  corrected,  we  would  expect  a  ranging  accuracy  of  2.5  m  and 
satellite  positioning  accuracy  would  be  200  m  (latitude)  50  m  (lon^tude)  and  20  m  (height  above  ellipsoid). 


INTRODUCTION 

Two-way  satellite  time  transfers  are  routinely  performed  between  NIST  and  USNO,  NIST  and  NRC, 
and  between  NRC  and  USNO.  The  first  year  of  measurements,  described  here,  used  the  SBS-3  Ku 
band  geosynchronous  satellite  at  95°  W.  As  shown  in  Figure  1,  these  three  earth  stations  are  within 
the  -4  dB  contour  of  the  continental  beam  from  this  satellite.  The  earth  stations  are  spaced  on 
sufficiently  long  baselines  to  allow  accurate  satellite  position  determinations  from  ranging  measure¬ 
ments  that  loop  through  the  satellite.  We  have  used  a  positioning  method  that  adds  only  a  little 
overhead  to  the  minimal  two-way  time  transfer  when  operated  from  one  minimally  equipped  time- 
transfer  earth  station  in  a  two-way  time  transfer  network. 

The  set-up  and  all  measurements  are  arranged  to  fit  in  a  30  minute  period  each  Monday,  Wednesday  and 
Friday  morning.  As  illustrated  in  Figure  2,  three  time  transfer  measurement  groups  are  scheduled: 
NIST(1)/USNO(0),  NRC(3)/NIST(4)  and  USNO(0)INRC(1),  each  lasting  300  seconds  and  typically 
starting  at  10:30, 10:37  and  10:47  respectively.  A  ranging  measurement  at  NRC,  NRC (4)  which  lasts  100 
seconds,  is  inserted  between  NRC(3)/NIST(4)  and  USNO(0)INRC(1).  For  each  institute,  the  number  in 
brackets  indicates  the  receiving  code  of  the  Mitrex  2500  modem’s  pseudorandom  noise  (PRN)  sequence. 
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♦ 

A  methcxl  is  described  below  for  deriving  accurate  range  data  (of  the  satellite  from  the  three  stations) 
from  two  groups  of  time  transfer  measurements  NRC(3)INIST(4)  and  USNO(0)INRC(1)  as  well  as 
one  station  ranging7V/?C('^).  The  synchronism  which  is  required  for  three-station  simultaneous  ranging 
is  created  by  means  of  polynomial  fits  and  extrapolation  of  the  time  transfer  data  NRC(3),  NIST(4), 
NRC(1 )  and  USNO(O).  This  is  a  “pseudo  synchronism”  method  which  exploits  the  slow  rate  change  of 
timing  (a  few  ns/s  was  typical  for  SBS-3)  and  the  high  precision  of  the  timing  (residuals  of  less  than  1  ns 
for  1  s  measurements).  After  extrapolation,  five  sets  of  simultaneous  fits  (and  measurements)  NRC(4), 
NRC’(3),  NIST’(4),  NRC’(l)  mdUSNO’(O)  are  available.  The  important  differences  of  the  equipment 
configuration  at  NRC,  NIST  and  USNO  are  shown  in  Figure  3:  note  differences  of  earth  station  and 
time  interval  counter  (TIC)  connections. 

RANGE  EQUATIONS 

The  range  equations  are  straightforward  to  write  down,  starting  with  the  ranging  readings  at  NRC 
{NRC (4))  which  can  be  expressed 

NRC  (4)  =  TU(nrC)  +  TD(nrc)  +  2R(nrc)  +  STR  (la) 

where  TU  and  TD  are  the  equipment  time  delays  of  the  uplink  path  and  downlink  path  at  earth  station, 
R  is  the  range  between  earth  station  and  satellite,  and  STR  is  the  satellite  transponder  time  delay. 
Rearranging  equation  (la)  gives 

R(NRC)  =  ( NRC(4)  -  TU(nrc)  -  TD(nrc)  -STR]I2  .  (lb) 

The  time  transfer  readings  at  NRC  and  NIST  can  be  written  respectively 

NRC’(3)  =  PPSx(NlST)-  dTx(NiST)  +  TU(NIST)  +WE  +  TD(nrc)  -  PPSx(nrc)  (2) 

NIST  (4)  =  PPSx(NRC)  -  dTx(NRC)  +  TU(NRC)  +  EW  +  TD(NIST)  -  PPSx(NIST)  (3) 

where  PPSx  is  the  external  Ipps  from  the  master  clock  driving  the  modem;  dTx  is  the  modem  delay 
between  PPSx  and  Tx;  EW  and  WE  are  the  signal  path  up  to,  through  and  down  from  the  satellite  going 
from  east  to  west  and  west  to  east;  it  is  easy  to  see  that 

WE  +  EW  =  2R(nrc)  +  2R(nist)  +  2STR  (4) 

Using  a  pair  of  microwave  relays  and  a  2.3  GHz  translator,  the  “station  loop  delay”  at  NRQ  SL,  has  been 
measured  routinely.  SL  and  total  station  equipment  delay  (TU  +  TD)  are  different  From  Figure  3,  we  have 

SL=TU+TD-2DH-\-TRL  (5) 

where  DH  is  the  antenna  time  delay  which  includes  the  delay  of  the  antenna  feed  and  connecting 
waveguide  and  cables;  TRL  is  the  2.3  GHz  translator  delay  plus  connecting  cable  delay. 

A  measurement  of  the  NIST  station  equipment  delay  has  been  done[D.Howe,  1987].  The  NIST 
experiment  used  a  satellite  transponder  simulator,  as  illustrated  in  Figure  4  (1).  The  5L(nist)  as  well 
as  the  sum  of  the  simulated  STR  and  rt/(NisT)  +TD(nist)  were  obtained, 

STR  +  TU(nist)  +  TD(nist)  =  1436  ns 

SL(NIST)  =  1359  ns  (6) 

The  experiment  at  NRC  used  a  compact  mixer  unit,  as  illustrated  in  Figure  4  (2).  5L(nrc),  the  sum  of 
TI/(nrc)  and  7Z)(!vrc)  as  well  as  the  difference  of  7RL(nrc)  and  2D//(nrc)  were  measured, 

TU(NRC)  +  TD(nrc)  =  3373.5  ns 
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TRL(nrc)  -  2DH(nrC)  =  6.6  ns 

SL(NRC)  =  3380.1  ns  (7) 

Collecting  the  above  equations,  the  three  range  equations  become 

R  (NRC)  =  [  NRC(4)  -  7T/(nrc)  -  TD(nrc)  -  83.6  ns  ]  /  2 

=  [  NRC(4)  -  r/?L(NlSD  +  2Z)//(nisT)  -  3450.5  ns  ]  /  2  (8) 

R  (NIST)  =  [  NIST  (4)  +  NRC’  (3)  -  NRC(4)  +  dTx{SRC)  +  d7i(NiST)  -1435.5  ns  ]  /  2  (9) 

/?(USNO)  =  [A/RCY 1)  -I-  USNO’(0)-NRC(4)  +  dTx’(SRC)  +  7I/(nist)  +  7'l>(NlST)-ri/(USNO)-TD(TJSNO) 

-1435.5  ns  ]/2 

=  [NRC’(  1)  USNO’(0)-NRC(4)  +  <irj:’(NRC)-5L(USNO)  -i-  7'RL(usno)-7’RL(nist) 

+  2D//(nist)-2Z)//(usnO)  -  77  ns  ]/  2  (10) 


Thus  the  problem  reduces  to  knowing  the  sum  delay  of  TU and  TD  at  NIST  and  USNO,  these  delays  could 
be  measured  by  transporting  a  compact  calibration  unit  to  the  NIST  and  USNO  earth  station  sites. 


ALGORITHM  OF  SATELLITE  POSITION  DETERMINATION 

In  general,  it  is  necessary  to  measure  at  least  four  ranges  of  four  observing  stations  for  determining 
the  position  and  time  of  a  space  target.  The  independent  range  variable  L|  is  the  function  of  target 
coordinates  A's ,  T*,  Z*,  observing  station  coordinates  A'l,  Yi,  Ztand  measuring  time  ti 

Li=Y(Xs,Ys,Zs;CiXi,Zi,  ti)  (/=  1,4)  (11) 

If  the  clocks  of  the  observing  stations  have  been  synchronized  precisely  and  the  ranging  measurements 
are  conducted  at  a  common  time  t,  then  only  three  observing  stations  are  required  for  the  determina¬ 
tion  of  target  coordinates.  The  weighted  observing  equation  and  the  weighted  least-squares  solution 

G%GX=g'^W(0-C)  (12) 

X=(G%G)~^g’^W(0-C)  (13) 

where,  X  is  target  position  improvement  matrix;  G  is  the  measurement  matrix;  W  is  the  weighting 
matrix;  and  O-C  is  the  matrix  of  difference  between  measured  and  computed  ranges.  If  G  is  square 
matrix  and  detG=  I G I  ^  0,  equation  (13)  becomes 

X=(WG)“V(0-C)  (14) 

In  our  case,  the  known  numbers  are  the  coordinates  of  three  observing  stations,  the  independent 
ranges  between  satellite  and  three  stations  and  the  initial  rough  position  of  satellite.  The  determination 
of  W  is  based  on  ranging  precision  at  each  station,  the  weighting  factor  is  the  reciprocal  of  ranging 
precision.  Due  to  the  different  antenna  size  of  earth  stations  and  the  introduction  of  polynomial 
extrapolation  and  conversion  equation  in  .ange  determination,  the  ranging  precisions  at  three  stations 
become  unequal  in  our  case.  Based  on  the  error  estimates  of  ranging  and  time  transfer  measurements, 
range  conversion  as  well  as  extrapolation,  the  differential  weighting  matrix  W  has  been  established. 
The  algorithm  employed  in  the  position  determination  process  is  a  standard  differential  correction 
technique  of  weighted  least-square  that  minimises  the  observation  residuals,  i.e.  the  difference 
between  the  measured  ranges  and  calculated  ranges.  The  satellite  initial  position  is  iteratively  replaced 
by  the  corrected  satellite  position,  the  iterative  process  continues  until  the  position  converges  to  within 
a  delta  value  of  error.  The  covariance  matrix 

P=(G'’'wG)“%  (15) 
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is  used  to  determine  the  goodness  of  each  solution  fit  to  the  data  and  is  used  to  calculate  the  Position 
Dilution  Of  Precision  (PDOP).  PDOP  is  the  coherent  factor  between  the  position  accuracy  of  satellite 
and  the  geometric  distribution  between  satellite  and  observing  stations. 

PDOP=^Pll+P22+i’33 

Where,  Pn,  P22  and  P33  are  the  diagonal  terms  of  P  matrix.  The  individual  DOPs  (XDOP,  YDOP,  ZDOP) 
or  (y>DOP,  ADOP,  HDOP)  could  be  derived  Q-om  Pn,  P22  and  P33  in  the  different  coordinate  systems. 


UNCERTAINTY  DISCUSSION 

The  absolute  accuracy  of  satellite  position  determination  is  dependent  upon  knowledge  of  ranging 
accuracy,  Position  Dilution  of  Precision  as  well  as  station  position  accuracy.  Over  the  course  of  SBS-3 
experiment,  the  single  shot  (Is)  precision  of  ranging  measurement  at  NRC  has  been  about  ±1.2  ns 
under  normal  circumstances.  The  “ranging”  precisions  of  NIST  and  USNO  through  conversion  (but 
excluding  extrapolation  errors  -  discussed  below)  can  be  estimated  about  ±1.6  ns  and  ±2.2  ns 
respectively  (again  for  1  s  measurements).  It  must  be  emphasized  that  the  absolute  accuracy  of  ranging 
measurements  are  subject  to  many  systematic  errors.  The  uncertainties  relative  to  position  determina¬ 
tion  accuracy  are  discussed  and  estimated  below  for  our  first  satellite  positioning  results.  In  many  cases 
significant  improvements  in  accuracy  could  be  made  with  rather  modest  efforts. 

1.  Polynomial  extrapolation.  Figure  5  shows  the  measurement  schedule  used  at  NRC  for  evaluating 
the  accuracy  of  the  extrapolation.  The  extrapolation  uncertainties  have  been  evaluated  at  NRC  by 
conducting  additional  timing  and  ranging  measurements;  by  “eavesdropping”  on  the  NIST/USNO  time 
transfer  and  measuring  (receive  only)  timingM?C(i)  andiV/?C(0);andbyasecondrangingsessionN/?C(-#). 
The  uncertainties  of  the  extrapolations  were  evaluated  by  calculating  the  rms  residual  of  the  observed  - 
extrapolated  results,  as  shown  in  Figure  5.  For  extrapolation  times  of  less  than  400  seconds,  a  second  order 
polynomial  regression  gave  the  best  results,  with  rms  extrapolation  residuals  of  less  than  6.8  ns. 

2.  Propagation  delay.  No  cancelling  of  path  delay  exists  during  ranging  measurement.  Both  the 
tropospheric  and  ionospheric  refraction  effects  need  to  be  taken  into  account.  A  signal  propagating 
through  the  troposphere  will  be  absorbed  and  delayed  due  to  effects  of  snow,  rain,  clouds,  fog  as  well 
as  oxygen  and  water  vapour  molecules.  The  refractive  correction  increases  with  atmospheric  pressure 
(or  partial  pressures  of  important  molecules)  and  increases  as  the  satellite  elevation  decreases.  This 
kind  of  time  delay  could  reach  to  several  hundred  nanoseconds  in  the  worst  cases.  With  a  suitable 
model  of  tropospheric  refraction,  the  time  delay  of  trofX)spheric  refraction  could  be  corrected  to  about 
1%.  SBS-3  satellite  elevations  at  NRC,  NIST  and  USNO  are  about  34°,  42°  and  41°  degrees  respec¬ 
tively.  The  effect  of  tropospheric  refraction  would  be  about  33  ns  under  normal  circumstances.  A  Ku 
band  radio  signal  propagating  through  ionosphere  will  be  refracted,  the  refractive  index  is  mainly 
proportional  to  the  electron  density  integrated  along  the  path  and  the  inverse  square  of  the  signal 
frequency.  For  a  12  and  14  GHz  link,  the  signal  delay  of  ranging  due  to  ionospheric  refraction  can  be 
estimated  as  about  2  ns. 

3.  Satellite  transponder  delay.  The  satellite  transponder  delay  should  be  available  from  design  and 
acceptance  test  specifications  and  accurate  to  about  1  ns.  In  our  case,  the  SBS-3  transponder  delay  is 
simulated  by  the  experiment  at  NIST.  The  time  delay  uncertainty  between  the  electrical  centre  of  the 
satellite  transponder  and  the  simulator  value  was  estimated  as  10  ns.  This  effect  of  this  delay  on  position 
will  be  almost  the  same  for  the  three  earth  stations,  and  to  first  order,  will  simply  displace  the  attributed 
position  of  the  electrical  centre  of  the  satellite  from,  say,  a  reference  plane  referred  to  the  satellite  antenna. 

4.  Station  equipment  delay.  To  know  the  time  delay  of  earth  station  equipment,  we  can  measure  the 
sum  of  up  path  and  down  path  delay  of  all  station  equipments  or  alternatively  the  station  loop  delay. 
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the  difference  of  antenna  delays  and  the  difference  of  translator  delays.  Based  on  modem  technique, 
these  equipment  delays  could  be  measured  accurate  to  one  nanosecond,  but  one  mast  pay  more 
attention  to  every  aspect  of  measurement.  The  station  loop  delay  SL,  the  modem  loop  delay  ML  and 
(SL-ML)  delay  have  been  automatically  measured  at  NRC  as  a  matter  of  routine.  Figure  6  shows  the 
results  from  April,  1990  to  April,  1991.  (SL-ML)  is  the  total  delay  of  the  70  MHz  IF  cable,  Up/Down 
converter,  2.3  GHz  translator,  Tx/Rx  relay  and  associated  cables.  Most  of  these  units  are  operated  in 
outdoor  conditions,  and  so  suffered  environmental  effects.  The  (SL-ML)  delay  with  a  ±  1.52  ns  of  rms 
displays  more  noise  than  the  ML  delay  with  variations  of  ±  0.66  ns  rms.  The  SL  and  (SL-ML)  delays 
show  obvious  seasonal  variation,  and  a  sinusoidal  function,  y=asin(27rct+b)  fits  the  data  as  shown  in 
Figure  6  with  a  peak-to-peak  amplitude  of  3.2  ns  for  the  station  loop,  and  3.8  ns  for  the  delay  of  the 
station  loop  minus  the  modem  loop.  The  seasonal  variation  of  the  station  loop  delay  is  expected  to  be 
dominated  by  the  temperature  coefficient  of  the  long  70  MHz  IF  cables,  which  are  outdoors  and  buried 
at  a  depth  of  less  than  one  metre  for  much  of  the  run.  Figure  6  also  shows  a  small  systematic  drift  in 
the  modem  loop  delay  measurements  over  the  one  year  period.  The  station  loop  delay  SL  also  has 
been  measured  at  NIST,  and  published  for  a  15  day  period  [D.  Howe,  1987].  Direct  station  loop  delay 
measurements  for  USNO  were  not  available.  In  calculation  of  USNO  range,  an  estimated  value  of 
SL(USNO)  has  been  used  with  an  uncertainty  of  about  50  ns.  The  differences  of  translator  delay  and 
the  differences  of  antenna  delay  among  NRC,  NIST  and  USNO  are  ignored  in  our  calculation,  thus 
another  error  of  about  20  ns  has  been  introduced. 

5.  PDOP.  For  the  geometric  distribution  among  NRC,  NIST,  USNO  and  SBS-3,  the  calculated  PDOP 
is  about  80.  The  sensitivity  coefficients  of  latitudinal,  longitudinal  and  height  above  ellipsoid  position 
errors  with  respect  to  range  error  are  77.2,  20.0,  8.8  respectively.  In  most  applications,  this  kind  of 
error  magnification  is  the  limitation  of  the  resolution  of  position  determination.  It  can  be  reduced  o:  ' 
by  choosing  optimal  geometric  distribution  among  satellite  and  stations. 

6.  Station  coordinates.  Errors  in  station  coordinates  have  a  direct  effect  on  satellite  position.  The 
station  coordinates  need  to  be  measured  as  accurately  as  possible  in  a  common  coordinate  system.  For 
the  NRC  earth  station,  the  WGS-84  coordinates  of  the  principal  GPS  antenna  at  NRC  were  used  as 
the  local  reference.  The  location  of  the  antenna  of  earth  station  was  surveyed  relative  to  the  GPS 
antenna,  and  the  antenna  coordinates  of  NRC  earth  station  were  obtained  with  an  accuracy  about  7 
metres.  The  adopted  antenna  coordinates  of  NIST  and  USNO  earth  stations  were  assumed  with  the 
same  level  of  accuracy. 

7.  Code  pulling.  The  ranging  measurements  at  NRC  were  normally  taken  with  no  other  time  transfer 
station  transmitting,  and  so  are  not  expected  to  have  any  systematic  pulling  of  the  delay-locked  loop 
of  the  modem’s  receiver.  For  the  timing  measurement  runs,  two  PRN  codes  are  present  at  the  same 
chip  rate  (2.5  MHz)  and  length  (10,000  chips).  The  Mitrex  PRN  codes  are  not  quite  orthogonal,  with 
cross-correlation  pulling  averaging  about  0.7%  of  the  main  autocorrelation  slope  used  by  the  delay- 
locked  loop.  Averaged  over  all  relative  PRN  phases,  we  expect  a  code  pulling  of  some  2  ns  rms,  if  the 
carriers  are  syntonized  and  the  two  signals  are  matched  in  power.  Power  mismatch  will  reduce  the 
code  pulling  for  the  strong  signal,  and  increase  the  code  pulling  for  the  weak  signal.  For  these  runs, 
the  as-received  carriers  from  the  three  earth  stations  rarely  match  within  the  2  Hz  noise  bandwidth  of 
the  modem,  giving  a  large  rejection  of  the  unwanted  signal,  to  the  level  where  code  pulling  is  not  an 
issue  for  satellite  p>osition  determination. 

Based  on  the  above  discussion,  the  current  ranging  accuracy  is  estimated  as  20  m  and  the  absolute 
satellite  positioning  accuracy  is  conservatively  estimated  as  1.6  km.  If  the  equipment  delays  were 
measured  accurately  and  tropospheric  refractions  were  well  modeled,  the  accuracy  could  be 
improved  to  2.5  m  (range)  and  200  m  (position),  and  only  then  would  be  limited  by  the  extrapola¬ 
tion  accuracy. 
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SATELLITE  POSITION  RESULTS 


The  satellite  position  determinations  from  April  1990  to  December  1990  are  presented  in  Figure  7. 
To  calculate  each  position,  a  total  of  five  data  sets  must  be  measured  successfully  at  three  stations.  All 
five  are  not  always  available,  as  evidenced  by  the  gaps  in  Figure  6.  Note  that  the  satellite  remains  within 
±0.03°  of  a  longitude  0.05°  W  of  its  nominal  position  of  95°  W.  In  the  periods  of  most  nearly  continuous 
results,  shown  in  Figure  8,  the  three  satellite  coordinates  exhibit  periodic  trend  every  28  days. 

The  monthly  period  is  attributed  to  the  perturbing  influence  of  the  moon’s  gravitational  force  on  the 
geostationary  satellite.  The  moon’s  perturbing  acceleration  on  a  geostationary  satellite  has  been  estimated 
less  than  about  9x10'*,  i.e.,  about  5.4  km  for  two  days  tracking  arc.  Due  to  our  schedule  of  time  transfer 
measurements  which  are  performed  at  a  nearly  fixed  time  of  a  day,  the  influence  of  earth’s  non-sphericity 
perturbing  force  are  not  observed.  This  offers  a  chance  to  see  the  influence  of  the  moon’s  perturbation, 
and  presumably  station-keeping  such  as  is  seen  on  MID  48237,  indicated  by  a  symbol  f  in  Figure  8. 


EFFECTS  CF  SATELLITE  POSITION  ON  TIME  TRANSFER 

For  each  of  the  sa,r'llite  positions  that  were  determined,  the  Sagnac  correction  was  calculated  for  all 
three  links:  NRC/SBS  3/NIST,  NRC/SBS-3/USNO  and  NIST/SBS-3/USNO.  The  Sagnac  corrections 
are  shown  in  Figure  9,  and  are  indeed  small.  The  variation  was  less  than  20  ps  for  any  one  link,  and  was 
determined  with  an  accuracy  of  ±2  ps.  This  sim'  e  positioning  method  can  evaluate  and  remove  Sagnac 
effect  variations  at  the  ps  level. 

The  satellite  position  can  also  affect  common-view  two-way  time  transfer  measurements  by  varying  the 
time  delay  between  the  two  signals  each  earth  station  receives:  the  signal  transmitted  from  the  other  time 
laboratory,  and  the  unwanted  return  signal  from  its  own  transmission.  The  unwanted  return  signal  can  pull 
the  timing  signal  by  some  4  ns  rms,  if  the  carriers  are  syntonized.  If  the  if  powers  and  the  modems  are 
matched,  the  code  pullings  will  almost  cancel  for  the  two-way  time  transfer.  However,  if  there  is  a  3  dB 
mismatch  in  powers  (as  is  commonly  observed  in  our  experience)  a  code  pulling  of  about  1  ns  rms  can  be 
expected  if  the  carriers  are  syntonized  (for  these  experiments,  they  rarely  are  syntonized  within  the  2  Hz 
noise  bandwidth  of  the  delay  locked  loop).  The  relative  delay  between  the  two  signals  depends  mostly  on 
the  day-to-day  variation  in  satellite  position ,  the  othr :  delays  are  either  constant  ( :xiuipment  delays),  slowly 
varying  (the  UTC  time  scale  differences)  or  are  settable.  During  a  300  second  timing  run,  the  relative  delay 
may  vary  by  several  400  ns  chipj>  as  the  satellite  changes  position,  but  all  in  a  deterministic  way.  If  the  two-way 
time  transfer  runs  are  supplemented  with  a  ranging  measurement,  the  effects  of  code  pulling  might  be 
evaluated  within  the  limits  of  our  extrapolation  accuracy  estimate  of  about  7  ns  rms  (2%  of  one  chip).  The 
upper  bound  of  the  effects  of  code  pulling  may  be  seen  in  Fgures  10  through  13. 

In  Figure  10,  the  first  difference  of  the  autocorrelation  function  of  Mitrex  code  0  (a  [2^^-l]  maximal 
length  PRN  code,  truncated  at  10,000  chips)  is  shown.  The  early/latc  discriminator  locks  the  delay 
locked  loop  at  the  zero  crossing  of  the  large  negative  slope  at  tiie  origin,  of  1 90%  in  400  ns.  The  details 
of  the  autocorrelation  function  away  from  the  origin  are  only  important  in  the  event  of  significant 
multipath  signals.  In  Figures  1 1  through  13,  the  first  differ  enre  of  the  cross-correlations  of  the  pairs  of 
different  Mitrex  codes  are  presen  d  for  the  ranges  of  relative  delays  observed  in  our  experiments  with 
SBS-3.  The  values  on  these  graphs  represent  an  effective  zero-shift  for  the  delay-locked  loop,  in  the 
case  where  the  unwanted  carrier  is  within  the  modem',  2  Hz  noise  ban  iwidth  of  the  locked  carrier. 
For  any  particular  delay  time  shown  in  one  of  the  Figures  11  through  13,  the  •associated  code  pulling 
may  be  read  from  the  graph  as  a  percentage  of  one  chip  (400  ns).  Also  shown  to:  eich  cross-correlation 
is  a  histogram  of  observed  range  differences  determined  in  this  work.  This  limit  on  tne  size  of  the  code 
pulling  effect  can  be  seen  to  have  been  better,  by  chance,  for  the  NRCNIST  link  (^Figure  1 1)  tl  an  for 
the  USNO/'NIST  link  (Figure  13). 
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With  the  Mitrex  modems,  one  interesting  possibility  is  for  one  station  in  each  transfer  to  choose  its 
transmit  time  origin  so  as  to  use  a  part  of  the  cross-correlation  that  has  zero  code  pulling  effect.  Of 
the  28  code  pairs  that  might  be  used,  all  but  5  have  at  least  one  400  ns  wide  range  of  time  delay  which 
has  zero  code  pulling  (corresponding  to  the  cross-correlation  function  having  3  successive  values  the 
same).  For  the  Mitrex  codes,  these  flat  spots  are  as  follows:  code  [0,1]:  none;  [0,2]:  2.396  ms;  [0,3]: 
3.1876  ms;  [0,4]:  0.394,  2.7636  and  3.6984  ms;  [0,5]:  0.0472  ms;  [0,6]:  0.0536  ms;  [0,7]:  0.898  &  0.8984, 
2.3388  ms;  [1,2]:  0.3184,  0.4932,  1.2652  &  1.2656  ms;  [1,3]:  0.650  ms;  [1,4]:  0.158,  0.8448  ms;  [1,5]: 
1.304,  2.6956  ms;  [1,6]:  none;  [1,7]:  3.3936  ms;  [2,3]:  none;  [2,4]:  1.3C56,  2.214  ms;  [2,5]:  1.5908, 
3.6324  ms;  [2,6]:  1.9692  ms;  [2,7]:  none;  [3,4]:  0.7332,  3.700  ms;  [3,5]:  1.794  ms;  [3,6]:  1.0472, 1.1728, 
2.6804,  3.9388  ms;  [3,7]:  1.144,  3.0832  ms;  [4,5]:  0.4708  ms;  [4,6]:  1.4304  ms;  [4,7]:  0.5784  ms;  [5,6]: 
0.0972,  2.8724  ms;  [5,7]:  none;  and  [6,7]:  0.8576  ms.  The  crosscorrelation  flat  spots  for  [i,j]  occur  for 
code  i  leading  or  lagging  code  j  by  the  specified  amounts,  and  the  code  pulling  will  then  be  zero  at  both 
earth  stations.  The  times  specified  with  an  ampersand  (and  differing  by  400  ns)  are  flat  spots  having 
4  successive  cross  correlation  values  the  same,  and  would  be  the  easiest  zero  code  pulling  to  use  with 
just  a  programmable  delay  generator.  The  different  dopplers  would  still  normally  permit  100  s  of 
measurement  free  from  code  pulling,  but  the  delay  generator  would  have  to  be  set  with  2-station 
relative  position  information  determined  just  before  the  time  transfer  session  0ust  a  few  seconds 
worth  of  initial  measurements,  on  each  of  the  two  codes,  taken  at  only  one  earth  station,  would  suffice 
to  set  the  delay  generator).  As  may  be  seen  from  the  histograms  in  Figures  11  through  13,  the 
day-to-day  position  variations  do  not  allow  us  any  confidence  to  hit  even  an  800  ns  wide  window  for 
zero  code  pulling. 

Geostationary  satellite  position  determination  by  these  methods  also  can  make  signals  from  the 
satellite  into  useable  one-way  timing  references,  with  accuracy  potential  at  the  10  ns  level,  limited 
principally  by  the  need  for  position  determination  at  the  receiver. 
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Figure  1.  The  locations  of  the  time  labora¬ 
tories  of  NIST,  USNO  and  NRC  within  the 
continental  beam  of  SBS-3.  The  contours  are 
2  dB  apart. 


Figure  2.  Measurement  Schedule  for 
Time  Transfer  and  Ranging. 
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Figure  3.  The  electronics  at  the  two-way  time  transfer  earth  stations  at  NRC,  NIST  and  USNO. 
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Figure  4.  Station  Equipment  Delay  Measure-  Figure  5.  Measurement  Schedule  for 
ment  at  NIST  (above )  and  NRC  (below ).  Extrapolation  Evaluation 
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Figure  6.  One  year’s  variation  of  the  Mitrex  internal  modem  loop  (ML)  and  the  station  loop 
(SL),  measured  at  NRC’s  earth  station. 
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Figure  7.  SBS~3  satellite  position  determination,  measured  by  ranging  at  NRC  and  two-way  time 
transfer  with  NIST  and  USNO. 
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Figure  8.  Detail  of  SBS-3  position 
determination,  illustrating  a  monthly 
cycle. 


Figure  9.  Sagnac  effect  corrections  for  links  via 
SBS-3:  NRC/NIST  (middle);  NISTIUSNO  (top); 
and  NRCIUSNO  (bottom)-  note  that  although 
USNO  isWof  NRC  in  longitude,  it  appears  E  of 
NRC  when  viewed  from  SBS-3. 
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Figure  10.  77ie  first  difference  of  the  auto¬ 
correlation  of  the  Mitrex  modem  PRA^  code 
0.  The  vertical  scale  is  normalized  to  a  scale 
of  100%  in  400  ns. 


Figure  12.  The  first  difference  of  the  cross 
correlation  of  the  Mitrex  PRN  code  0  with 
code  1,  plotted  vs  relative  delay  around  the 
USNOINRC  values.  Also  shown  is  a  histo¬ 
gram  of  this  link’s  relative  delays  changed  by 
the  position  of  SBS-3. 


Figure  11.  The  first  difference  of  the  cross 
correlation  of  the  Mitrex  PRN  code  3  with 
code  4,  plotted  vj  relative  delay  around  the 
NIST/NRC  values.  Also  shown  is  a  histo¬ 
gram  of  this  link’s  relative  delays  changed 
by  the  position  of  SBS-3. 
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Figure  13.  The  first  difference  of  the  cross 
correlation  of  the  Mitrex  PRN  code  0  with 
code  1,  plotted  V5  relative  delay  around  the 
USNOfNIST values.  Also  shown  is  a  histo¬ 
gram  of  this  link’s  relative  delays  changed 
by  the  position  of  SBS-3. 
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Abstract 

Millisecond  pulsars  attract  attentions  as  a  future  reference  clock  in  place  of  present  atomic  clocks, 
by  reason  of  their  highly  stable  pulse  timing.  CRL  (Communications  Research  Laboratory)  has 
been  developing  an  observation  system  to  measure  the  pulse  timing  of  millisecond  pulsar  precisely, 
amd  recently  has  completed  its  basic  part.  By  using  it,  we  observed  PSR1937-t-21  at  1.5GHz  band 
and  got  a  pulse  timing  with  a  precision  of  16/isec/r  by  5  days  observation. 


Introduction 


CRL  has  a  responsibility  for  keeping  and  supplying  the  time  and  frequency  standard  of  Japan,  and  has 
been  developing  atomic  clocks  such  as  hydrogen  maser  and  cesium  clocks.  We  search  for  new  methods 
to  get  more  stable  reference  time  scale,  and  started  a  project  for  establishing  a  reference  clock  system 
using  the  pulse  timing  of  millisecond  pulsars,  such  as  PSR1937-1-21. 

A  pulsar  is  an  object  which  radiates  quite  periodic  pulse  signal,  which  is  considered  a  rotating  neutron 
star.  Generally  this  pulse  arrival  timing  is  stable,  and  especially  so  called  millisecond  pulsar  has  highly 
stable  pulse  timing  in  long  term.  According  to  the  timing  data  of  millisecond  pulsar  PSR1937+21 
observed  at  Arecibo  Observatory  [1],  shown  in  Fig.l,  the  long  term  fractional  frequency  stability 
reaches  up  to  10"*^  (r  =  lO^sec).  This  is  comparable  to  the-stability  of  the  most  stable  atomic  clock, 
and  it  shows  the  possibility  of  a  new  clock  using  millisecond  pulsars. 

In  the  21st  PTTI  meeting,  we  introduced  our  observation  plan  of  millisecond  pulsars  [2].  Since  then, 
we  have  been  developing  the  observation  system  of  millisecond  pulsars  using  the  34m  antenna  at 
Kashima  Space  Research  Center,  and  recently  completed  its  basic  part.  In  this  paper,  the  feature  of 
our  system  and  the  results  of  the  observation  for  PSR1937-I-21  will  be  described. 


Observation  system 


An  observed  pulse  arrival  time  includes  the  error  dtc^,  ,  which  depends  on  parameters  of  an  antenna 
and  an  observation  system.  An  observation  system  must  be  designed  to  make  this  error  as  small  as 
possible,  dtobt  is  ©ven  by  [3],  [4]; 


At 

VB.T.P{S)G 


(sec) 


(1) 


where 
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di  :  half  width  of  the  observed  pulse  (sec), 

P  :  pulse  period  (sec), 

system  noise  temperature  (K), 

(5)  :  mean  flux  density  of  pulse  (Jy), 

G  :  antenna  gain  (K/Jy), 

B  :  observed  bandwidth  (Hz), 

T  :  integration  time  (sec). 

To  decrease  dtobs  under  the  given  antenna  parameters  such  as  T^y,  and  G,  we  must  take  the  wide 
observing  bandwidth  B  and  long  integration  time  T.  Our  data  acquisition  system  was  designed  to 
meet  these  requirements. 

Fig.2  shows  the  blocK  diagram  of  our  system.  It  has  16  channels  in  order  to  expand  the  observation 
bandwidth  reducing  the  dispersion  effect.  A  signal  suffers  dispersion  delay  according  to  its  frequency 
from  inter  stellar  plasma,  which  is  expressed  as  follows  [5]; 

dtoMif)  =  0.00415  X  /-^  X  DM  (sec)  (2) 

where  /  is  the  frequency  of  the  radio  signal  (GHz),  and  DM  is  the  dispersion  measure  (pc/cm^).  If 
one  channel’s  bandwidth  becomes  wide,  the  difference  of  dT£)\f{f)  becomes  large  and  the  observed 
pulse  width  becomes  broad.  So  we  at  first  receive  a  pulse  signal  in  narrow  band  (270kHz  for  each 
channel)  to  get  a  sharp  pulse.  Then  to  get  a  signal  with  wide  bandwidth,  each  channel’s  signal  are  all 
added  in  off-line  after  canceling  of  each  dispersion  delay.  Final  data  corresponds  to  the  data  observed 
by  about  4MHz  bandwidth. 

To  average  many  pulses  quickly,  we  have  introduced  a  data  processor  which  works  as  both  an  A/D  con¬ 
verter  and  a  box-car  averager.  It  averages  pulses  of  each  channel  by  hardware,  which  saves  calculation 
time  and  memory  for  data  storage. 

Sampling  clocks  for  A/D  conversion  and  trigger  clock  for  averaging  are  obtained  from  a  signal  gener¬ 
ator.  It  gives  an  a  priori  frequency  corresponding  to  the  pulsar  period  received  at  the  observation 
station  [6], [7].  The  reference  signal  of  this  signal  generator  is  the  hydrogen  maser. 


Observation  of  PSR1937-f  21 

By  using  above  system,  the  observation  of  PSR1937-1-21  was  carried  out  at  1.5GHz  band  from  Oct. 
31  to  Nov.  4,  1991.  Fig.3  shows  the  detected  pulse  figure  in  one  period,  which  is  after  averapng 
of  about  1.5  million  pulses  (corresponds  to  about  40  minutes).  The  second  peak  is  an  interpulse. 
Observed  pulse  width  is  about  70  psec  ,  which  is  reasonable  value  compared  with  the  estimated  pulse 
width  60  psec  .  This  value  is  the  maximum  difference  of  dispersion  delays  for  270kHz  bandwidth  at 
1383.67MHz  (the  lowest  frequency  band  in  this  observation),  and  is  calculated  by  Eq.2  where  DM  = 
71  (pc/cm^). 

We  got  such  averaged  pulses  every  1  hour,  and  defined  their  peak  points.  If  the  calculated  pulsar  period 
was  equal  to  the  observed  pulsar  period,  these  peaks  were  to  appear  at  the  same  point  in  any  interval. 
At  first,  however,  the  peak  points  seemed  to  drift  as  time  went,  as  if  they  were  dominated  by  some 
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systematic  effect.  We  considered  this  was  an  apparent  change  caused  by  incomplete  compensation  of 
Doppler  effect,  and  removed  this  drift  by  the  least  square  method.  Fig.  4  shows  the  residual  of  each 
data  from  the  least  square  fitting  line.  The  error  bar  represents  a  typical  dtobs  6.4  /isec  calculated 
by  Eq.l,  where  dt  =  70  nsec  ,  P  =  1.557806  msec  (epoch  =  2445303.2940  Julian  ephemeris  date) 
[7],  Tjy,  =  37  K,  B  =  270kHz,  <  5  >  =  8mJy,  G  =  0,42  K/Jy,  and  T  =  2400  sec  are  assumed.  The 
standard  deviation  calculated  from  these  data  is  9.7  /xsec  . 

From  the  residual  shown  in  Fig.4,  we  calculated  the  Allan  variance  by; 


_2,  ^  l/r^(<  +  ’')--R(0  R{t)  -  R{t  -  T)^^2 

‘^y(^)=2\l - ; - ; - J 


(3) 


where  R(t)  is  a  residual  at  time  t,  and  the  angled  bracket  is  an  average  taken  over  all  available  triplets. 
The  logOy(r)  is  plotted  in  Fig.5.  Each  data  is  corresponds  to  r  =  1,2,3,4,5,24,  and  48  hours.  The 
value  at  r  =  48  hours  has  a  large  error  bar,  because  the  number  of  samples  was  very  few.  Except  this 
one,  data  seems  to  be  on  a  straight  line  with  the  precision  of  16  /xsec  /r. 


Conclusion 


We  developed  an  observation  system  for  millisecond  pulsars,  and  observed  the  pulse  timing  of  PSR1937+21 
with  the  precision  of  about  IG/rsec  /r.  Our  main  purpose  is  to  use  the  pulsar  timing  as  a  most  stable 
clock,  so  our  measurement  precision  should  be  better  than  present  value  by  at  least  one  order.  For 
this  improvement,  we  plan  to  expand  the  observation  bandwidth  B  further  to  decrease  dtob»  ,  and 
investigate  some  methods.  The  local  sweep  method  is  one  of  them.  By  using  it,  one  channel  can  track 
one  pulse  in  some  frequency  band  by  sweeping  a  local  frequency  and  shifting  its  observable  frequency 
band  along  with  the  dispersion  curve.  It  is  equal  to  expanding  the  bandwidth  of  one  channel. 

Besides  the  use  as  a  clock,  various  applications  of  a  millisecond  pulsar’s  pulse  timing  are  considered. 

Its  high  stability  is  expected  to  be  a  good  probe  of  detecting  the  dispersion  fluctuation,  gravitational 
wave  and  so  on.  We  will  study  these  subjects  when  we  can  take  timing  data  with  enough  precision. 
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Measurement  Interval,  t  (s) 


Figure  1  Fractional  frequency 
stability  for  PSR1937+21  at 
Arecibo  observatory  [1] 
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Figure  2.  Block  diagram  of  pulsar  observation  system  at  CRL. 

Pulsar  signal  from  1.5GHz  receiver  is  down  converted  at  the  first  mixer  to 
IF-band(100-500MHz).  Divided  IF  signal  from  IFD  is  converted  to  video  band  at  IRM,  re¬ 
stricted  in  270  kHz  bandwidth,  then  detected.  Detected  signal  is  restricted  from  150  Hz  to  20 
kHz  at  LPF,  A/D  converted  and  averaged  in  data  processor,  then  saved  in  the  host  comput- 
er(CPUl).  Another  computer  (CPU2)  controls  clock  signals  for  the  data  processor  .  It  reads 
time  from  CLK  and  calculates  the  pulse  period  received  at  the  observation  station  in  real  time, 
then  sends  the  period  to  the  signal  generator. 
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Residual  ( /zsec) 


Figure  3.  Pulse  figure  of  PSR1937+21  observed  at  1.5GHz. 

It  is  acquired  after  averaging  of  1.5  million  pulses. 


1991.  Oct. 31  Nov.1  Nov. 2  Nov. 3  Nov. 4  Date 


Figure  4.  Post-fit  arrival  time  residuals  for  PSR1937+21. 

Arrival  times  are  acquired  from  the  peak  points  of  averaged  pulses  taken  over  one 
hour.  The  least  square  fitting  is  carried  out  as  canceling  the  drift  of  data.  The  residuals  are 
derived  from  the  fitting  line. 
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Figure  5.  Fractional  frequency  stability  for  PSR1937+21  at  CRL. 

Each  circle  is  calculated  from  the  data  of  5  days  observation.  The  broken  line  corre¬ 
sponds  to  the  precision  of  our  system,  16  fisec/r. 
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ABSTRACT 

The  ESA-NASA  technology  demonstration  flight  of  a  pair  of  hydrogen 
masers  on  the  EURECA  III  mission  is  planned  for  1998.  The  ESA  part 
of  the  experiment  will  have  a  maser  built  by  Neuchatel  Observatory 
and  a  microwave  T&F  transfer  system  derived  from  the  existing 
PRARE  system.  The  NASA  part  of  the  experiment  will  have  a  maser 
built  by  the  Smithsonian  Astrophysical  Observatory  and  a  laser  T 
transfer  system.  The  technology  demonstration  experiment  is 
described  with  its  expected  outcomes  and  applications. 

1.0  INTRODUCTION 

This  paper  reports  a  proposal  submitted  by  Nevichatel  Observatory 
(ON)  in  cooperation  with  the  Deutsche  Forschungsanstalt  fur  Luft 
und  Raumfahrt  (DLR)  to  the  European  Space  Agency  (ESA)  for  the 
space  technology  demonstration  of  a  H-maser  with  a  microwave  Time 
&  Frequency  Transfer  (T&FT)  system  to  be  flown  on  the  EURECA  III 
spacecraft  which  will  be  launched  in  1998. 

The  Smithsonian  Astrophysical  Observatory  (SAO)  have  submitted  a 
similar  proposal  to  the  National  Space  Administration  (NASA)  for 
the  flight  of  a  SAO  built  maser  with  a  laser  Time  Transfer  (TT) 
system  to  be  flown  on  the  same  mission.  This  project  was  reported 
in  this  23rd  PTTI  meeting  [1] . 

The  high  level  of  redundancy  provided  by  the  joint  NASA- ESA 
technology  demonstration  flight  of  2  masers  with  both  a  laser  TT 
system  and  a  microwave  T&FT  system  obviously  gives  a  high 
reliability  level  to  the  experiment  but,  most  of  all,  makes 
possible  a  complete  evaluation  of  the  contribution  of  each  maser 
and  each  transfer  system  to  the  overall  T&F  stability  performance. 

EURECA  III  will  be  a  6  month  mission  after  which  the  EURECA 
spacecraft  will  be  retrieved  by  the  Space  Shuttle.  The  ON  maser 
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will  be  designed  for  a  10  year  lifetime  in  order  to  demonstrate 
the  level  of  perfo'mnance  achievable  in  future  T£:F  applications  in 
space. 

The  ESA  project  will  involve  Neuchatel  Observatory  for  the  EGA 
maser  physics  package  and  electronics  design,  DLR  and  the 
Institute  of  Navigation  of  Stuttgart  (INS)  in  Germany  for  the 
microwave  T&FT  system  design  and  industries  for  the  space 
qualification  of  the  equipments. 


I 


Ground  System  | 

Figure  1 

Proposed  2  H-maser  T&F  Transfer  Experiment 


386 


The  microwave  T&FT  system  will  be  an  extended  version  of  the  NAVEX 
microwave  link  demonstrated  in  the  1985  Shuttle  mission  Dl  as  a 
powerful  tool  for  the  control  of  two  atomic  clocks  onboard  the 
Shuttle.  This  method  comprises  a  precise  PRN-code  time  transfer 
combined  with  a  simultaneous  spread- spectrum  data  transmission. 

The  extended  version  with  higher  carrier  frequencies  and  larger 
signal  bandwidths  will  be  based  on  existing  hardware- facilities  of 
the  PRARE  ranging  system  developed  by  INS  for  use  in  ESA  ERS-l 
satellite. 

The  T&FT  microwave  system  will  be  signal  compatible  with  the 
ground  equipment  of  PRARE  and,  as  the  latter,  will  use  both  X  and 
S  band  1-way  links  for  real  time  ionospheric  correction. 
Compatibility  with  PRARE  makes  the  network  of  already  existing 
PRARE  ground  stations  usable  for  the  present  spaceborne  masers  T&F 
transfer  experiment  at  the  cost  of  only  small  modifications  to  the 
PRARE  ground  stations. 

2.0  LOCAL  &  REMOTE  T&F  TRANSFER  &  MEASUREMENT  CAPABILITIES 

Fig.l  shows  the  schematic  diagram  of  the  planned  NASA- ESA  maser 
mission  on  EURECA  III. 

2.1  LOCAL  COMPARISON  OF  SPACEBORNE  H- MASERS 

The  frequency  difference  between  the  ESA  and  NASA  masers  is 
measured  continuously  during  the  whole  mission  (6  to  9  months) 
using  the  on  board  direct  clock  conparison  system.  The  comparison 
data  is  stored  locally  and  transmitted  to  ground  on  the  telemetry 
link  when  tracking  stations  are  visible.  The  direct  comparison 
will  allow  the  estimation  of  the  relative  frequency  stability 
between  the  2  H -maser  clocks  (characterized  in  the  time  domain  by 
the  classic  and  modified  Allan  variances)  for  averaging  periods  t 
in  the  range  from  i  second  to  1  week  with  a  very  good  statistic 
confidence. 

2.1  LASER  REMOTE  TIME  TRANSFER 

The  laser  TT  system  [l]  allows  the  remote  measurement  of  the  time 
stability  of  the  space  masers.  The  time  cortparison  is  made  between 
a  ground  maser  and  the  spaceborne  maser  with  a  sampling  interval 
equal  to  the  time  interval  between  2  successive  passes  of  the 
EURECA  spacecraft,  i.e.  t  ^  5400  s.  These  time  stability 
measurements  will  also  make  possible  the  estimation  of  the  long¬ 
term  frequency  stability  of  the  spaceborne  masers. 

The  NASA  spaceborne  TT  system  is  equipped  with  a  corner  laser 
reflector,  a  laser  detector  and  a  time  tagging  counter.  The  laser 
ground  station  measures  the  2  way  time  propagation  time  of  the 
laser  pulse  using  the  passive  corner  reflector.  The  spaceborne 
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laser  detector  and  time  tagging  counter  determine  the  time  of 
arrival  of  the  laser  pulse  in  terms  of  the  spaceborne  clock  local 
time. 

A  propagation  time  error  of  «  10  ps  is  estimated  to  be  achievable 
in  the  laser  TT  system  [2] .  The  time  error  accumulated  by  the 
spaceborne  H-maser  clock  over  a  full  orbit  is  also  «  10  ps. 
Therefore  time  transfers  with  a  precision  of  the  order  of  10  ps  is 
possible  from  one  laser  station  ground  clock  to  another  even  if 
the  EURECA  spacecraft  is  not  in  common  view.  State-of-the-art  time 
transfers  between  ground  clocks,  using  already  existing  laser 
ground  stations,  is  indeed  a  highly  attractive  application  of  the 
spaceborne  masers  experiment. 

2.2  MICROWAVE  REMOTE  T&F  TRANSFERS 

The  microwave  T&F  transfer  system  allows  the  remote  measurement  of 
both  the  short-term  and  long-term  stability  of  the  spaceborne  H- 
masers.  During  each  contact  period,  the  short  term  stability  is 
measured  continuously  from  the  ground  stations  that  are  equipped 
with  both  a  H-maser  and  a  modified  PRARE  receiver. 

The  typical  contact  period  is  10  minutes.  Several  frequency 
samples  averaged  over  a  t  =»  100  s  averaging  interval  can  be 
acquired  in  a  single  pass.  This  allows  a  frequency  transfer  to  the 
1x10 level  over  a  single  pass.  Frequency  averaging  over  the 
whole  10  minutes  pass  yields  a  single  t  =  600  s  frequency  sample. 
In  this  way  the  spaceborne  H-maser  frequency  stability  with 
respect  to  a  ground  H-maser  reference  can  be  measured  with  a  few 
parts  in  lO-'-s  uncertainty  by  using  multi-pass  statistics. 

The  long-term  stability  of  the  spaceborne  H-maser  is  estimated  by 
means  of  time  transfers.  The  time  interval  error  accxamulated  by 
the  spaceborne  H-maser  clock  with  respect  to  a  ground  H-maser 
clock  is  sampled  at  every  pass  over  a  ground  station  equipped  with 
a  maser  and  a  PRARE  receiver.  Note  that  the  time  interval  error 
acciamulated  by  the  spaceborne  H-maser  clock  during  a  600  s  contact 
interval  is  only  1  ps. 

The  transmission  through  the  telemetry  link  of  the  local  frequency 
comparison  between  the  2  spaceborne  H-masers  together  with  the  T&F 
microwave  remote  comparison  between  the  spaceborne  H-masers  and 
the  ground  H-maser  reference  make  possible  a  real  time  measurement 
of  the  microwave  T&FT  system  noise. 

The  contributions  of  residuals  of  the  ionospheric  propagation 
model,  of  the  geometric  doppler  and  delay  cancellation  model,  and 
of  the  relativistic  correction  model  to  the  microwave  T&FT  system 
accuracy  are  estimated  in  the  following  sections  below. 
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The  schematic  of  the  PRARE  system,  modified  to  provide  two  X 
band  channels  instead  of  one,  permitting  the  evaluation  of  2 
spac^ome  hydrogen  maser  clocks,  is  shown  on  Fig. 3  and  Fig. 4. 

The  standard  PRARE  T&FT  system  works  as  follows.  Two  one-way 
signals,  one  in  S  band  and  one  in  X  band,  are  generated  from  the 
spacebome  maser  and  sent  to  the  ground  stations.  The  signals 
carry  both  time  information,  contained  into  the  spread  spectrxim 
PRN  code  modulation,  and  frequency  information,  contained  into 
the  carrier  phase.  By  measuring  the  differential  delay  and  the 
differential  doppler  between  the  same  signal  propagated 
simultaneously  through  X  and  S  bands,  the  actual  ionospheric 
delay  and  doppler  can  be  determined  by  the  ground  stations.  A 
coherent  transponder  in  the  ground  station  sends  the  signal  back 
to  the  spacebome  PRARE  system  in  X  band.  Again  both  time  and 
frequency  information  are  transmitted  through  the  PRN  code  and 
carrier.  The  transponded  signal  is  received  and  processed  by  the 
PRARE  system  aboard  the  space  vehicle  and  yields  the  one-way 
delay  and  the  one-way  doppler  which  are  estimated  to  be  half  the 
2 -way  delay  and  half  the  2 -way  doppler  respectively.  The 
computed  l-way  doppler  and  delay  are  fransmitted  in  real  time  to 
the  ground  station  via  the  data  link. 

In  standard  PRARE  applications,  the  information  provided  by  the 
system  is  used  for  geodetic  purposes.  In  our  application,  on  the 
other  hand,  the  knowledge  of  the  l-way  doppler  and  delay, 
corrected  for  the  actual  ionospheric  propagation  effects  and  for 
the  relativistic  effects  discussed  in  next  sections  are  used  by 
the  ground  station  in  order  to  compare  to  a  high  precision  the 
time  and  frequency  of  its  reference  clock  with  respect  to  the 
space  clock. 

Note  that  the  PRARE  system,  contrary  to  the  doppler  cancellation 
system  of  [7],  [8]  or  to  the  doppler  and  delay  cancellation 

system  proposed  in  [9] ,  does  not  try  to  compensate  in  real  time 
and  by  hardware  the  ionospheric  and  geometric  delay  and  doppler. 
Instead  these  effects  are  first  measured  and  then  corrected  by 
software. 

3.3  PRESENT  STATUS  AND  FORESEEN  IMPROVEMENTS  OF  PRARE 

The  time  transfer  error  achievable  with  the  standard  PRARE 
ground  station  of  the  first  generation  ERS-1  PRARE,  which  uses  a 
60  cm  dish  antenna,  is  limited  by  the  S/N  ratio  to  a  level  of  50 
ps  for  an  averaging  time  of  l  s.  By  increasing  the  averaging 
time  to  >  10  s,  the  error  can  be  reduced  to  a  limiting  value  of 
about  5  ps  [10] .  This  level  of  performance  is  comparable  or 
better  than  that  achievable  with  a  laser  IT  system.  On  the  other 
hand  the  frequency  transfer  error  of  the  ERS-l  PRARE  system  is 
limited  by  the  resolution  of  the  counter  on  board  which  is  SxlO'^^ 
for  an  averaging  time  of  l  s.  This  is  not  acceptable  in  view  of 
the  maser  stcUoility  performance  which  is  1x10’ ^3  over  the  same 
interval.  However  the  counter  resolution  can  be  increased  by  l 
order  of  magnitude  by  a  minor  modification  of  the  PRARE 
spacebome  equipment.  This  modification  of  the  counter  would 
yield  a  white  noise  floor  of  SxiO'i^  for  an  averaging  time  of 
T  =  Is,  improving  as  1/t  with  the  averaging  time,  and  the  FT 
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The  laser  TT  system  is  expected  to  track  the  EURECA  spacecraft 
with  a  millimeter  level  range  accuracy.  The  tracking  data  will  be 
used  to  calibrate  the  non -dispersive  tropospheric  delay  in  the 
microwave  T&FT  system  to  the  corresponding  level  of  time  accuracy. 

3.0  DETAILED  DESCRIPTION  OF  THE  SPACE  AND  GROUND  SYSTEMS 

The  next  sections  report  the  detailed  description  of  the  space  and 
ground  systems  used  in  the  ESA  part  of  the  experiment. 

3.1  ESA  SPACEBORNE  MASER 

Fig. 2  shows  a  drawing  of  the  spacebome  H-maser  to  be  produced  by 
ON.  This  preliminary  design  of  the  spacebome  physics  package  is 
based  on  our  10  year  experience  with  the  original  EFOS  ground 
masers  [3] ,  that  are  used  in  VLBI  applications,  in  addition  to  our 
on  going  recent  experience  gained  in  the  development  of  the  EFOS-B 
ground  maser  for  ESTEC  [4] .  Only  the  features  related  specifically 
to  the  adaptation  of  the  physics  package  to  the  space  environment 
are  reported  below. 

The  main  design  features  of  the  ESA  spacebome  maser  are  as 
follows.  The  vacuiam  system  uses  a  passive  getter  system  for 
pxjmping  hydrogen.  A  small  ion  pxut^)  is  also  necessary  in  order  to 
pump  the  residual  non-getterable  gases  present  in  the  vacuum 
enclosure.  The  high  thermal  insulation  between  the  cavity  and  the 
base  plate  that  is  required  by  the  use  of  an  aluminium  microwave 
cavity  is  naturally  provided  by  the  space  vacuum  environment.  A 
solid  state  hydrogen  supply  is  used  which  is  much  more  reliable 
and  lightweight  than  the  conventional  hydrogen  bottle  and  pressure 
regulator . 

An  auxiliary  mode  cavity  oscillator  is  used  in  the  Automatic 
Cavity  Tuning  (ACT)  system  [5] .  The  output  frequency  of  the  TE013 
auxiliary  mode  oscillator  is  measured  using  a  counter.  By 
stabilizing  the  frequency  of  the  TE013  auxiliary  mode,  the 
frequency  of  the  TEqh  main  mode  is  automatically  stabilized  due  to 
the  fact  that  the  frequency  ratio  of  the  2  modes  is  constant.  This 
type  of  ACT  does  not  perturb  at  all  the  maser  signal  because  it 
uses  a  mode  of  the  cavity  far  from  the  TEqh  mode.  It  has  no 
ambient  temperature  sensitivity  since  the  oscillator  amplifier  is 
secured  to  the  cavity  and  is  thermally  controlled  by  the  ACT  loop 
to  the  same  level  of  thermal  stability  as  the  cavity  itself. 

The  size  and  itiass  limitations  imposed  by  the  space  qualification 
requirements  can  be  satisfied  by  a  careful  mechanical  design.  The 
main  trade-off  issue  in  the  mass  budget  is  the  choice  of  the 
thickness  to  be  used  for  the  5  layers  of  magnetic  shields.  The 
preliminary  overall  characteristics  of  the  spacebome  maser  are 

-  35  cm  diameter  and  70  cm  length 

-  70  kg  mass  including  electronics 

-  70  w  power  consumption 
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SPACERS 


In  addition  to  the  drastic  vibration  and  acceleration 
specifications  on  the  mechcinical  design  imposed  by  space 
qualification,  the  main  environmental  constraints  that  are 
foreseen  are  thermal  and  magnetic. 

The  temperature  of  the  instrument  mounting  base  plate  on  the 
EURECA  platform  is  specified  to  be  within  a  [0  C®,  40  C®]  range 
Therefore  the  temperature  coefficient  of  the  maser  must  be  very 
small  in  order  to  maintain  state-of-the-art  frequency  stability 
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An  extremely  low  thermal  sensitivity  will  be  achieved  actively  by 
the  use  of  the  ACT  system. 

The  magnetic  torquers  used  to  control  the  attitude  of  the  EURECA 
spacecraft  produce  magnetic  pulses  which  intensity  can  reach  up  to 
3  Gauss  on  the  worst  area  of  the  instrument  mounting  panel.  In  the 
most  favorable  area  of  the  panel  the  pulse  strength  reaches  50 
mGauss.  This  is  to  be  compared  to  the  l  mGauss  field  variations 
encountered  by  ground  masers  under  normal  operating  conditions. 

3.2  PRARE  T&F  MICROWAVE  TRANSFER  SYSTEM 

The  development  of  the  microwave  T&FT  system  will  be  managed  by 
DLR  which  already  has  a  working  experience  in  this  field  [6] .  Tne 
adaptation  of  the  existing  PRARE  system,  which  was  developed  by 
DLR  for  use  in  the  ERS-1  satellite,  to  the  requirements  of  the 
present  maser  experiment  is  a  cost-effective  alternative  to  the 
development  of  a  completely  new  T&FT  system  not  only  from  the 
point  of  view  of  the  production  of  the  space  qualified  equipment 
but  also  because  existing  PRARE  ground  stations  become  usable  for 
the  T&F  monitoring  of  the  spacebome  masers  at  the  price  of  minor 
modifications. 

The  schematic  of  the  PRARE  system,  modified  to  provide  two  X  band 
channels  instead  of  one,  permitting  the  evaluation  of  2  spacebome 
hydrogen  maser  clocks,  is  shown  on  Fig. 3  and  Fig. 4. 

The  standard  PRARE  T&FT  system  works  as  follows.  Two  one-way 
signals,  one  in  S  band  and  one  in  X  band,  are  generated  from  the 
spacebome  maser  and  sent  to  the  ground  stations.  The  signals 
carry  both  time  information,  contained  into  the  spread  spectrum 
PRN  code  modulation,  and  frequency  information,  contained  into  the 
carrier  phase.  By  measuring  the  differential  delay  and  the 
differential  doppler  between  the  same  signal  propagated 
simultaneously  through  X  and  S  bands,  the  actual  ionospheric  delay 
and  doppler  can  be  determined  by  the  ground  stations.  A  coherent 
transponder  in  the  ground  station  sends  the  signal  back  to  the 
spacebome  PRARE  system  in  X  band.  Again  both  time  and  frequency 
information  are  transmitted  through  the  PRN  code  and  carrier.  The 
transponded  signal  is  received  and  processed  by  the  PRARE  system 
aboard  the  space  vehicle  and  yields  the  one-way  delay  and  the  one¬ 
way  doppler  which  are  estimated  to  be  half  the  2 -way  delay  and 
half  the  2 -way  doppler  respectively.  The  computed  1-way  doppler 
and  delay  are  transmitted  in  real  time  to  the  ground  station  via 
the  data  link. 

In  standard  PRARE  applications,  the  information  provided  by  the 
system  is  used  for  geodetic  purposes.  In  our  application,  on  the 
other  hand,  the  knowledge  of  the  1-way  doppler  and  delay, 
corrected  for  the  actual  ionospheric  propagation  effects  and  for 
the  relativistic  effects  discussed  in  next  sections  are  used  by 
the  ground  station  in  ordet  to  compare  to  a  high  precision  the 
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time  and  frequency  of  its  reference  clock  with  respect  to  the 
space  clock. 

Note  that  the  PRARE  system,  contrary  to  the  doppler  cancellation 
system  of  [7] ,  [8]  or  to  the  doppler  and  delay  cancellation  system 

proposed  in  [9] ,  does  not  try  to  compensate  in  real  time  and  by 
hardware  the  ionospheric  and  geometric  delay  and  doppler.  Instead 
these  effects  are  first  measured  and  then  corrected  by  software. 

3.3  PRESENT  STATUS  AND  FORESEEN  IMPROVEMENTS  OF  PRARE 

The  time  transfer  error  achievable  with  the  standard  PRARE  ground 
station  of  the  first  generation  ERS-1  PRARE,  which  uses  a  60  cm 
dish  antenna,  is  limited  by  the  S/N  ratio  to  a  level  of  50  ps  for 
an  averaging  time  of  Is.  By  increasing  the  averaging  time  to  >  10 
s,  the  error  can  be  reduced  to  a  limiting  value  of  about  5  ps 
[10] .  This  level  of  performance  is  comparable  or  better  than  that 
achievable  with  a  laser  TT  system.  On  the  other  hand  the  frequency 
transfer  error  of  the  ERS-1  PRARE  system  is  limited  by  the 
resolution  of  the  counter  on  board  which  is  5x10'^  for  an  averaging 
time  of  1  s.  This  is  not  acceptable  in  view  of  the  maser  stability 
performance  which  is  1x10' over  the  same  interval.  However  the 
counter  resolution  can  be  increased  by  1  order  of  magnitude  by  a 
minor  modification  of  the  PRARE  spacebome  equipment.  This 
modification  of  the  counter  would  yield  a  white  noise  floor  of 
5x10 '^3  for  an  averaging  time  of  t  =  Is,  irtproving  as  1/t  with 
the  averaging  time,  and  the  FT  system  would  catch  up  the  maser 
frequency  stability  curve  for  an  averaging  time  of  100  s. 

It  would  be  possible  to  further  irtprove  the  FT  performance  of  the 
PRARE  system  but  at  the  cost  of  a  major  redesign.  The  white  phase 

noise  floor  due  to  the  S/N  alone  is  IxlO'^^  1/t. 

The  tenperature  sensibility  of  the  internal  delay  is  about  30 
ps/C°  and  can  be  conpensated  with  a  20  fold  improvement  factor  by 
the  internal  delay  calibration  system.  Therefore  a  <  10  ps  delay 
stability  can  be  achieved  over  a  full  orbital  period. 

In  conclusion  the  PRARE  system  happens  to  match  the  requirements 
of  our  spacebome  masers  experiment  at  the  cost  of  minor 
modifications.  The  latter  include  the  addition  of  a  second  channel 
in  X  band  since  2  masers  are  to  be  evaluated. 

3.4  T&FT  SYSTEM  DESIGN  OPTIONS 

Many  design  options  of  the  T&FT  system  are  open.  For  reliability 
reasons  the  H-maser  clocks  signals  will  be  cross -switchable. 
Therefore  the  clock  labeled  N®1  in  the  S  band  l-way  link  of  figure 
3  may  may  be  switched  to  either  H-maser  signal  in  case  the  other 
maser  fails.  For  the  same  reliability  reasons  the  use  of  2 
redundant  transmitter  chains  sharing  the  same  antenna  is 
considered. 
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The  use  of  2  channels  in  the  X  band  downlink  allows  a  continuous 
and  sinrultaneous  comparison  between  the  H-maser  spacebome  clocks 
and  N®2.  This  is  necessary  for  the  ground  measurement  of  the 
relative  short-term  stability  between  clock  N^l  and  clock  N®2 .  The 
spacebome  hardware  could  be  simplified  by  the  use  of  only  one  X 
band  downlink  channel,  like  in  the  standard  PRARE  package,  but 
then  the  clock  N®1  vs  clock  N®2  data  is  obtained  from  non- 
simultaneous  clock  N°3  vs  clock  N^2  and  clock  N°3  vs  clock  N°1 
measurements . 

The  modification  options  for  the  accommodation  of  the  existing 
PRARE  ranging  ground  equipment  to  both  internal  delay  calibration 
and  T&FT  requirements  are  still  open. 

4.0  CINEMATIC  AND  RELATIVISTIC  ASPECTS 

The  true  1-way  delay  and  1-way  doppler  are  not  half  the  measured 
2 -way  delay  cind  doppler  because  of  the  asymmetry  due  to  the  fact 
that  the  space  vehicle  moves  during  the  signal  propagation.  It  can 
be  shown  that  the  frequency  offset  measured  on  ground  is  given  by 

Af/f  =  6f/f  +  DA(i>  +  DA(2)  +  d(2)  +  GS  (1) 

where  Af/f  is  the  normalized  frequency  offset  between  the  ground 
and  the  spacebome  maser  after  correction  for  ionospheric 
propagation  effects,  6f/f  is  the  true  frequency  offset  between  the 
clocks,  DA<^)  is  the  first  order  doppler  asymmetry  term,  DA(2)  the 
second  order  doppler  asymmetry  term,  D^2)  ^he  second  order  doppler 
and  GS  the  gravitational  frequency  shift. 

The  different  terms  are  given  by 
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PVi 

.  =  —  are  velocity  vectors  normalized  by  the  velocity  of 
^  c 

light  c.  The  rj  are  position  vectors.  (J)  is  the  gravitation 
potential.  Index  l  refers  to  the  position  and  velocity  of  the 
satellite,  in  an  inertial  system  of  coordinates,  at  the  time  a 
synchronization  pulse  is  generated  in  the  satellite  and  sent  to 
the  ground.  Index  G  refers  to  the  position  and  velocity  of  the 
ground  station  at  the  time  the  pulse  arrives  to  the  ground.  Index 
2  refers  to  the  position  and  velocity  of  the  satellite  at  the  time 
the  pulse  transponded  from  the  ground  arrives  to  the  satellite. 

In  the  planned  experiment  the  gravitational  shift  is  nearly 
constant,  due  to  the  circular  orbit,  and  equal  to  «  6x10 The 
second  order  doppler  shift  is  of  the  same  order  of  magnitude  and 
nearly  constant  for  the  same  reason.  These  conditions  are 
radically  different  from  the  conditions  of  the  1976  red- shift 
experiment  [11]  in  which  the  gravitation  shift  and  second  order 
doppler  changed  by  order  of  magnitudes  in  the  course  of  a 
ballistic  flight.  In  the  present  experiment  it  is  the  doppler 
asymmetry  terms  that  show  a  high  dynamic  change  in  the  course  of 
every  pass  of  the  space  vehicle  over  a  ground  station.  The  first 
order  term  DA<^)  will  reach  maximum  values  of  the  order  of  1x10*^°. 

It  will  be  possible  to  check  the  relativistic  model  of  the 
asymmetry  terms  to  the  order  of  ixlO'^^. 

5.0  GROUND  SEGMENT 

At  present  the  only  ground  station  committed  to  the  laser  TT 
aspect  of  the  experiment  is  the  NASA  station  of  Maoi  in  Hawaii. 

The  Matera  station  in  southern  Italy  and  the  Shanghai  station  in 
China  are  showing  interest  to  join.  The  scientific  benefit  of  the 
participation  of  several  laser  tracking  stations  is  the 
possibility  of  time  transfer  to  a  100  ps  level  of  accuracy  between 
distant  ground  clocks. 

As  for  the  microwave  T&FT  aspect,  the  commitment  of  the  Mas 
Palomas  station  is  expected.  The  participation  of  ground  stations 
equipped  with  both  laser  tracking  and  PRARE  systems  allows  the 
precise  calibration  of  the  microwave  tropospheric  delay. 

All  VLBI  stations  use  hydrogen  maser  clocks  and  those  located 
within  the  EURECA  III  visibility  region  could  be  equipped  with 
mobile  PRARE  ground  equipment.  The  relevant  European  stations  are 
Matera  and  Noto  in  Italy. 

Besides,  all  existing  PRARE  stations  located  within  ±30°  of 
latitude,  i.e.  about  10  stations,  could  participate.  The  P’'?JlE 
stations  are  committed  to  geodesy  work  and  the  benefit  they  could 
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draw  from  the  experiment  is  the  mm  level  position  determination 
accuracy  provided  by  the  use  of  a  spacebome  maser  reference 
clock.  A  very  precise  tracking  of  the  EURECA  III  orbit  is  required 
in  order  to  make  possible  the  accurate  position  determinations  of 
the  ground  PRARE  stations.  This  could  be  easily  achieved  if  a 
space  qualified  GPS  receiver  is  carried  aboard  the  EURECA  III 
spacecraft  in  addition  to  the  laser  ranging  system.  As  a  matter  of 
fact,  part  of  the  original  goals  of  the  ERS-l  PRARE  experiment, 
that  failed  because  of  a  destructive  latch-up  in  the  memory 
subsystem  of  the  ERS-l  PRARE  space  package,  could  be  achieved  by 
means  of  the  EURECA  III  maser  experiment. 
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Figure  4 

Modified  Ground  PRARE 
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Abstract 

We  describe  a  joint  SAOjNASA  program  for flight  testing  an  atomic  hydrogen  maser  clock  system  design 
for  long-term  operation  in  space.  The  clock  system  will  be  carried  by  a  shuttle-launched  EURECA  spacecraft. 
Comparisons  with  earth  clocks  to  measure  the  clock’s  long-term  frequency  stability  (t  >l(fl  seconds)  will 
be  made  using  laser  time  transfer  from  existing  NASA  laser  tracking  stations.  We  describe  the  design  of  the 
maser  clock  and  its  control  systems,  and  the  laser  timing  technique.  We  dixuss  the  precision  of  station  time 
synchronization  and  the  limitations  in  the  comparison  between  the  earth  snd  space  time  scales  owin  to  gyaMi- 
tational  and  relativistic  effects.  We  will  explore  the  implications  of  determining  the  spacecraft’s  location  by  an 
on-board  GPS  receiver,  and  of  using  microwave  techniques  for  time  and  frequency  transfer.  The  possibility 
of  a  Joint  SAOINASAIESA  (European  Space  Agency)  test  with  a  second  hydrogen  maser  and  a  microwave 
time  and  frequency  transfer  system  will  be  discussed  in  a  separate  paper. 


INTRODUCTION 

A  number  of  future  space  applications  will  need  high  stability  oscillators,  such  as  hydrogen  masers, 
having  frequency  stability  better  than  10“^®  for  time  intervals  between  10^  and  10®  seconds.  Such  appli¬ 
cations  include  tests  of  relativistic  gravitation [1],  operation  of  Very  Long  Baseline  Interferometers[2], 
high  precision  space  tracking,  and  time  synchronization  by  orbiting  clocks[3].  When  high-stability 
microwave  signals  are  transmitted  through  the  earth’s  atmosphere  and  compared  with  a  high-stability 
oscillator,  as  in  earth-based  VLBI  or  microwave  Doppler  tracking,  the  measurement  accuracy  of  the 
system  is  limited  by  fluctuations  in  atmospheric  propagation,  rather  than  by  the  oscillator’s  frequency 
stability.  Such  a  system  in  space,  however,  would  be  almost  completely  free  of  propagation  effects. 
Under  spaceborne  operation,  measurement  precision  would  depend  primarily  on  the  frequency  stability 
of  the  maser  oscillator,  and  could  fully  exploit  the  high  frequency  stability  provided  by  an  H-maser. 

A  joint  NASA/SAO  technology  experiment  to  demonstrate  the  performance  of  this  maser  in  space  is 
now  in  progress.  The  frequency  of  the  space  maser  will  be  compared  with  terrestrial  clocks  and  time 
scales  by  means  of  laser  pulse  techniques  and  time  measurement.  This  work,  which  is  supported  by 
the  NASA  Office  of  Aeronautics  and  Exploration  Technc'ogy  (OAET)  “In  Step”  program,  is  currently 
in  Phase  B,  during  which  we  are  defining  the  experiment  and  developing  a  plan  for  its  implementation. 
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Development  at  SAO  of  an  atomic  hydrogen  maser  for  space  operation  began  in  1972  with  the  design 
and  construction  of  a  maser  for  the  1976  SAO/NASA  Gravitational  Redshift  (Gravity  Probe- A,  or 
GP-A)  test  of  the  Einstein  Equivalence  Principle[4],  in  which  a  maser  was  launched  by  a  Scout  rocket 
to  an  altitude  of  10,000  km  in  a  nearly  vertical  two-hour  flight.  The  next  generation  of  space  masers, 
designed  for  four  years  of  continuous  operation  in  space,  has  been  under  development  at  SAO,  and  a 
preliminary  demonstration  model  has  been  built  and  operated. 

Figure  1  shows  the  expected  stability  of  the  spaceborne  SAO  maser,  represented  by  the  Allan  deviation 
As  an  example  of  the  precision  attainable  with  such  an  oscillator  in  space,  one  can  consider 
Doppler  ranging  measurements.  The  limits  imposed  by  this  level  of  oscillator  frequency  stability  on 
hour-to-hour  determination  of  range-rate  is  1.8xl0~^  cm/sec,  while  the  limit  on  range  distance  is 
0.065  cm.  These  values  are  about  two  orders  of  magnitude  better  than  can  be  achieved  with  current 
earth-based  systems. 

Maser  frequency  stability  over  short  time  intervals  -  less  than  roughly  lO''  seconds  -  is  governed  by 
the  inherent  thermal  noise  within  the  maser’s  oscillation  linewidth  and  by  the  signal  power  to  the 
receiver  system.  These  characteristics  are  determined  largely  by  the  design  of  the  maser’s  hydrogen 
storage  bulb  and  hydrogen  beam  optics,  all  of  which  are  similar  in  the  space  maser  to  the  design 
of  SAO’s  VLG-11  terrestrial  H-masers.  Systematic  frequency  variations,  occurring  for  times  beyond 
about  10“*  seconds,  result  in  the  up-turn  in  the  <t(t)  curve  shown  in  Fig.  1,  and  are  the  focus  of 
interest  in  our  investigation.  The  slanted  lines  in  Fig.  1  represent  the  limits  on  frequency  stability 
determination  resulting  from  uncertainties  of  20  picoseconds  and  50  picoseconds,  respectively,  in  the 
laser  time  transfer  technique.  With  a  50  ps  system,  for  example,  we  will  be  sensitive  to  maser  frequency 
variations  on  the  order  of  2x  10"*®  for  intervals  of  greater  than  roughly  half  a  day. 

In  the  planned  SAO/NASA  Space  Maser  experiment,  the  new  space  maser  will  be  flown  on  a  Euro¬ 
pean  Space  Agency  (ESA)  EURECA  spacecraft,  and  frequency  measurements  will  be  made  by  time 
transfer  using  existing  laser  ranging  stations.  A  possible  joint  NASA/ESA  experiment  is  also  being 
considered,  to  test  simultaneously  a  second  H-maser  on  the  EURECA  spacecraft.  This  maser  will  be 
developed  by  the  Neuchatel  Observatory,  Switzerland,  led  by  G.  Busca.  In  addition  to  the  laser  time 
transfer  system,  the  joint  experiment  would  use  a  microwave  time  transfer  system  developed  by  the 
Deutsche  Forschungsanstalt  fiir  Luft  und  Raumfahrt  (DLR),  Oberpfaffenhofen,  Germany,  led  by  by  S. 
Starker.  This  joint  project  would  greatly  broaden  the  technological  goals  of  the  experiment  to  include 
international  time  transfer  at  the  sub- nanosecond  level. 

THE  EXPERIMENT  CONCEPT 

The  concept  for  making  frequency  comparisons  between  a  spaceborne  clock  and  an  earth  station 
originated  in  the  early  1980s  with  a  NASA-sponsored  study  of  a  Satellite  Time  and  Frequency  Transfer 
(STIFT)[5]  mission,  for  which  a  combination  of  laser  time  transfer  and  microwave  time  and  frequency 
comparison  was  proposed.  Here  the  idea  was  to  use  highly  precise  laser  timing,  which  is  limited  to 
clear  sky  conditions,  to  calibrate  a  pseudo-random-noise  modulated  microwave  time  transfer  system, 
which  would  be  useable  under  nearly  all  weather  conditions.  The  study  involved  SAO,  the  US  Naval 
Observatory,  the  National  Bureau  Of  Standards,  and  the  University  of  Maryland. 

The  present  plan  is  to  operate  the  maser  on  the  EURECA  spacecraft,  which  will  be  deployed  from  the 
NASA  Space  Shuttle,  and  boosted  to  an  altitude  of  52-5  km  in  a  28.5°  inclination  orbit.  The  spacecraft 
will  remain  in  operation  for  approximately  6  months,  after  which  it  will  be  returned  to  a  lower  orbit 
and  retrieved  by  the  shuttle. 
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The  EURECA  spacecraft  is  shown  in  Fig.  2  with  its  solar  panels  extended.  Magnetic  torquers  and 
cold  nitrogen  gas  jets  maintain  its  orientation  in  space  with  its  solar  panels  facing  the  sun.  Because 
EURECA ’s  earthward-pointing  surface  will  change  as  the  spacecraft  circles  the  earth,  laser  reflec¬ 
tor/detector  arrays  will  be  mounted  in  three  places  to  allow  laser  time  transfer  under  all  orientations. 
The  procedure  for  time  transfer  is  straightforward.  When  the  spacecraft  comes  into  view  of  the  laser 
station,  laser  pulses  are  fired  at  the  spacecraft.  The  time  of  reception  of  these  pulses  is  recorded  at 
the  spacecraft  in  terms  of  the  time  kept  by  the  space  maser  clock  system.  In  addition,  the  pulse  trans¬ 
mission  times  (epochs)  and  their  round-trip  propagation  intervals  are  recorded  on  earth.  One-half 
the  propagation  interval,  with  appropriate  corrections,  is  then  used  to  determine  the  spacecraft  pulse 
reception  time  in  terms  of  the  earth  clock,  thus  giving  a  comparison  of  time  kept  by  the  earth  and 
space  clocks. 

The  space  maser’s  frequency  will  be  measured  over  averaging  intervals  of  approximately  94  minutes, 
EURECA’s  revolution  period  about  the  earth,  as  well  as  for  intervals  of  a  day  and  longer.  Each  day 
the  spacecraft  will  be  visible  from  the  Hawaiian  laser  ranging  site  during  several  consecutive  passes, 
separated  by  94  minutes.  With  a  laser  timing  precision  of  20  ps,  we  expect  to  be  able  to  make  short¬ 
term  frequency  measurements  with  a  precision  of  <7^(94)  ~  4x  For  longer  intervals,  the  precision 

improves  with  the  time  interval  between  measurements,  as  indicated  by  the  straight  lines  in  Fig.  1. 
The  dominant  factors  likely  to  limit  the  frequency  comparison  precision  are  errors  in  correcting  for 
gravitational  and  relativistic  effects,  owing  to  uncertainties  in  the  spacecraft’s  position  and  velocity. 
The  random  processes  that  affect  the  stability  of  H-masers  for  periods  less  than  roughly  10^  seconds 
are  well  understood  and  not  likely  to  be  changed  by  the  space  environment.  In  the  planned  test,  the 
goal  is  to  measure  any  systematic  effects  that  affect  the  operation  of  the  maser;  these  effects  will  be 
observable  at  averaging  intervals  beyond  one  day. 

Of  particular  interest  are  the  effects  of  magnetic  field  and  temperature  variations,  including  the  possible 
long-term  effects  of  radiation  in  space.  Environmental  processes  will  be  correlated  with  systematic 
variations  of  frequency.  Continuous  monitoring  will  be  done  of  all  relevant  temperatures,  the  maser’s 
internal  vacuum,  hydrogen  source  pressure  and  dissociator  efficiency,  and  the  maser’s  output  signal 
level. 

Figure  3  shows  a  block  diagram  of  the  experimental  system,  including  the  major  EURECA  electronic 
systems  and  the  maser’s  control  electronics,  r.f.  receiver,  and  clock  and  event  timer.  The  receiver’s 
frequency  synthesizer  operates  from  a  64  bit  number-controlled  oscillator;  its  settings  can  be  adjusted 
by  telecommand  with  a  granularity  of  7  parts  in  10**.  The  arrival  time  of  the  incoming  laser  pulse  is 
registered  by  the  event  timer  with  a  resolution  of  about  20  picoseconds  and  is  stored  in  memory  for 
subsequent  telemetry  to  the  EURECA  ground  control  station,  along  with  readings  of  the  monitored 
system  parameters. 

During  the  mission,  occasional  telecommands  from  earth  will  be  send  to  the  maser’s  microprocessor  to 
adjust  the  maser’s  operating  parameters,  such  as  its  source  H2  pressure  and  internal  magnetic  fields. 
The  microprocessor  performs  several  functions,  including  controlling  maser  parameters;  monitoring 
maser  operation;  and  carrying  out  programmed  sequential  operations,  such  as  determining  the  maser’s 
internal  magnetic  field  by  varying  the  Zeeman  oscillator’s  frequency  and  measuring  the  corresponding 
ma.ser  output  power. 
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THE  SPACE  MASER 


The  internal  structure  of  the  second  generation  SAO  space  maser  is  based  on  design  of  the  maser  used 
in  the  GP-A  mission,  in  that  the  cavity  resonator,  storage  bulb  and  beam  optics  are  similar.  Figure  4 
shows  a  cross  section  view  of  the  new  space  maser.  In  the  present  maser  we  have  substantially  improved 
the  thermal  control  system  by  taking  advantage  of  the  longer  mission  duration  and  the  vacuum  of 
space,  which  permits  us  to  use  multilayer  insulation  (MLI).  The  new  thermal  design  evolved  from  the 
development  at  SAO  of  small  passive  masers,  sponsored  by  the  U.S.  Naval  Research  Laboratory [6]. 
This  design  permits  operation  under  .tmospheric  conditions,  for  testing,  as  well  as  in  the  vacuum  of 
space.  The  technique  employs  a  segmented  cylindrical  aluminum  isothermal  oven.  The  independence 
of  the  oven  segments  allows  the  oven  to  control  heat  flowing  through  the  multilayer  insulation,  which 
dominates  under  atmospheric  conditions,  as  well  as  heat  flowing  through  structural  members,  which 
is  most  important  when  the  maser  is  in  vacuum. 

The  maser’s  cavity  resonator  is  isolated  from  structural  variations  in  the  vacuum  belljar  that  result 
from  the  atmospheric  pressure  change  encountered  when  going  from  earth  to  space.  Isolation  is 
achieved  by  mounting  the  CER-VIT  cavity  resonator  and  storage  bulb,  as  a  subassembly,  on  a  circular 
baseplate  that  is  attached  to  one  of  the  belljar  necks  near  the  center  of  the  belljar  endcap.  The  baseplate 
is  almost  completely  isolated  from  the  belljar,  and  is  not  affected  by  variations  in  belljar  shape.  The 
effects  of  axial  thermal  expansion  of  the  cavity  mounting  structure  are  minimized  by  clamping  the 
cavity  onto  its  baseplate  with  a  zero-rate  Belleville  spring;  radial  expansion  is  reduced  by  supporting 
the  cavity  on  the  baseplate  by  a  quasi-kinematic  roller  mount.  This  mounting  structure  is  identical 
to  that  used  in  the  GP-A  maser,  which  coped  with  60  g  shock  and  20  g  static  accelerations  generated 
by  the  solid  fueled  Scout  rocket  system. 

A  three-section  printed-circuit  magnetic  field  solenoid  fits  closely  within  the  innermost  magnetic  shield 
that  surrounds  the  titanium  alloy  vacuum  belljar.  The  belljar  is  equipped  with  two  demountable 
metallic  vacuum  seals.  The  cavity  resonator’s  mechanical  tuner  is  adjusted  through  a  port  sealed  with 
a  gold  “0”  ring.  The  belljar  is  joined  by  another  gold  “0”  ring  to  a  manifold,  made  of  thin-walled 
stainless  steel,  that  contains  vacuum  pumps  and  the  hydrogen  beam  forming  system.  Four  hydrogen- 
sorbing  cartridges  in  a  cross-shaped  array  on  the  manifold  surround  the  hexapole  state-selector  magnet. 
A  small  ion  pump  scavenges  non-hydrogen  gases.  Extrapolating  from  our  experience  with  the  GP-A 
maser,  which  operated  continuously  for  one  year  with  a  single  hydrogen  sorption  cartridge,  the  four 
sorption  cartridges  are  expected  to  permit  more  than  four  years  of  continuous  operation. 

As  in  the  GP-A  maser,  hydrogen  for  the  maser  is  obtained  from  LiAlH4  contained  in  a  thermally- 
controlled  vessel  and  maintained  at  about  40  psig.  Hydrogen  flow  is  regulated  by  servo  control  of 
the  temperature  of  a  palladium-silver  diaphragm  to  maintain  a  constant  pressure  in  the  hydrogen 
dissociator.  Molecular  hydrogen  is  dissociated  into  atoms  by  an  external  r.f.  power  supply.  Heat 
generated  by  the  r.f.  power  dissipated  in  the  vacuum-enclosed  glass  dissociator  is  conducted  through 
the  dissociator’s  walls  to  the  bottom  manifold  flange,  from  which  it  is  dumped  to  the  EURECA  heat 
sinks. 

The  maser’s  size,  weight  and  expected  power  consumption  are  summarized  in  Table  1.  Because 
EURECA’s  magnetic  torquers  produce  magnetic  field  variations  as  high  as  0.1  Gauss  at  the  location 
of  the  maser,  we  will  add  a  fifth  layer  of  magnetic  shielding,  enclosing  the  entire  maser,  in  order  to 
prevent  magnetic  field  inhomogeneity  frequency  shifts[7]  that  can  result  from  these  field  variations. 

A  photograph  of  the  engineering  demonstration  model  that  was  built  to  test  the  thermal  design  is 
shown  in  Figure  5.  Its  measured  oscillation  parameter[8]  is  9  =  0.14,  its  storage  bulb  relaxation  rate 
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is  7  =  2.0  sec~^,  and  its  oscillation  line  Q  is  Q/  =  a;/27  =  2.2x  10^.  Thermal  measurements  in  room 
temperature  (25°C)  air  closely  follow  the  design  predictions,  with  18  watts  required  for  thermal  control. 
In  vacuum,  we  predict  a  power  consumption  of  7.5  watts  with  the  maser  mounting  baseplate  held  at 
20°C  and  the  maser  surrounded  by  MLI.  Thermal  tests  in  vacuum  will  be  made  on  the  demonstration 
model  early  in  1992  to  verify  the  design. 

LASER  TIME  TRANSFER 

The  space  maser  will  be  compared  with  ground  maser  clocks  by  laser  time  transfer.  Laser  transfer  is 
the  most  accurate  method  of  comparing  separated  clocks.  The  principle  of  laser  time  transfer  is  shown 
in  Fig.  3.  The  laser  ground  station  transmi.j  short  laser  pulses  (~200  ps  duration)  at  a  rate  of  up 
to  8  Hz  that  are  reflected  back  to  the  ground  station  by  corner  reflectors  mounted  on  the  spacecraft. 
Timing  of  the  ground  station  pulses  is  controlled  by  a  hydrogen  maser  that  is  compared  with  primary 
time  scales  by  means  of  GPS  time  transfer.  The  emission  time  tei  and  the  arrival  time  1^2  of  the 
reflected  laser  pulse  are  measured  in  terms  of  the  time  scale  tg  of  the  ground  clock.  One  half  the  pulse 
round  trip  interval  <e2  ~  ^ei  provides  the  propagation  delay  to  the  spacecraft  and  allows  us  to  predict 
the  time  of  arrival  (tei  +  ^e2)/2  =  (<ei  +  [^2  —  <ei]/2)  of  the  laser  pulse  at  the  spacecraft  as  measured 
in  the  ground  clock’s  time  scale.  At  the  spacecraft,  a  photodetector  located  near  the  corner  reflector, 
senses  the  arrival  of  the  laser  pulse  and  provides  a  signal  to  the  event  timer  controlled  by  the  onboard 
maser  clock.  The  event  timer  determines  the  arrival  time  <  -  s  of  the  laser  pulse  in  the  time  scale 
of  the  onboard  clock.  The  difference  between  the  two  epochs  (onboard  and  ground  pulse  times)  is 
the  time  difference  between  the  ground  and  space  clock.  Fig.  6  shows  a  light-time  diagram  of  the 
laser  time  transfer  technique.  The  laser  time  transfer  technique  can  provide  sub-nanosecond  accuracy. 
We  expect  that  a  precision  of  20  to  50  picoseconds  in  the  comparison  of  the  space  and  ground  clocks 
should  be  achievable. 

The  primary  laser  ground  station  is  the  existing  laser  ranging  station  on  top  of  Mt.  Haleakala  on  Maui 
(Hawaii).  Because  of  Federal  Aeronautics  Administration  regulations,  laser  ranging  is  not  available 
below  an  elevation  of  20°.  The  sun-fixed  attitude  of  the  EURECA  spacecraft  requires  three  cube-corner 
reflector  arrays  on  the  spacecraft  in  order  to  obtain  full  angular  coverage.  We  expect  to  perform  laser 
tracking  and  time  transfer  during  both  day  and  night  transits  of  the  spacecraft. 


EXPERIMENT  OPERATION 

The  nominal  duration  of  the  EURECA  mission  is  6  months  but  could  last  up  to  9  months.  The  EU¬ 
RECA  spacecraft  will  be  in  a  circular  orbit  of  altitude  between  525  and  485  km  with  28.5°  inclination. 
Onboard  experiment  data  will  be  transmitted  through  the  EURECA  telemetry  system  to  the  ESA 
ground  station  and  relayed  to  SAO.  Several  equipment  functions  will  be  controlled  by  command  from 
the  ESA  ground  station,  enabling  us  to  perform  in-flight  diagnostic  tests  and  to  adjust  parameters  for 
optimal  operation  of  the  experiment.  Details  concerning  data  collection  and  data  flow  from  telemetry 
and  laser  ground  station,  distribution  of  data  to  the  user,  and  other  aspects  of  the  experiment  are 
being  defined  as  part  the  now  ongoing  Phase  B  study. 

While  the  primary  ground  station  for  laser  time  transfer  is  the  existing  laser  station  on  Maui,  Hawaii, 
other  laser  stations,  such  as  at  Matera,  Italy,  and  Shanghai,  China[9],  are  able  to  contact  the  space¬ 
craft,  and  may  participate  in  the  experiment.  These  laser  stations  are  presently  equipped  with  hy¬ 
drogen  masers  and  high  resolution  event  timers.  Because  of  the  low  inclination  of  the  orbit,  only 
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a  small  number  of  existing  laser  stations  are  able  to  see  the  spacecraft.  However,  there  are  mobile 
laser  stations  available  in  the  USA  and  in  Europe  that  can  be  set  up  in  locations  providing  optimum 
visibility  of  the  spacecraft. 

For  the  Maui  laser  station,  up  to  five  consecutive  contacts  with  the  spacecraft  can  be  anticipated  during 
a  24  hour  time  period.  The  maximum  period  available  for  time  transfer  during  a  spacecraft  transit 
over  the  station  is  approximately  seven  minutes.  A  sample  ground  track  calculation  of  consecutive 
laser  contacts  with  Maui  is  shown  in  Figure  7. 

Accurate  position  and  velocity  data  of  the  spacecraft  are  needed  to  determine  relativistic  corrections. 
For  precision  of  relative  frequency  comparison  at  a  level  of  1  part  in  10^®,  we  require  position  tracking 
accuracy  of  approximately  1  meter,  and  velocity  accuracy  of  approximately  Imm/sec.  At  present,  the 
standard  ESA  tracking  process  does  not  provide  the  required  accuracy.  Several  options  are  available 
to  obtain  the  necessary  orbit  data  accuracy,  including  use  of  laser  tracking  data  and  operation  of  an 
onboard  GPS  receiver. 

This  experiment  could  provide  an  opportunity  to  perform  global  high  precision  (100  picosecond)  clock 
synchronization  experiments. 


POSSIBLE  JOINT  NASA/ESA  SPACE  H-MASER  EXPERIMENT 

A  joint  NASA/ESA  H-maser  space  experiment  is  being  studied  by  ESA  and  is  the  topic  of  another 
paper  at  this  meetingflO].  This  experiment  would  add  to  the  SAO/NASA  experiment  equipment,  a 
second  space  H-maser  built  by  the  Observatoire  Cantonal  de  Neuchatel  and  a  microwave  time  and 
frequency  transfer  system,  probably  a  modified  PRARE  ranging  system[ll],  provided  by  the  DLR. 
The  combined  experiment  would  permit  direct  on-board  frequency  comparison  of  the  two  H-maser 
clocks,  as  well  as  and  time  and  frequency  transfer  to  a  number  of  existing  PRARE  ground  stations. 
While  the  microwave  frequency  comparisons  would  last  for  only  about  7  minutes,  and  the  frequency 
stability  measurement  would  be  correspondingly  limited,  the  resulting  time  synchronization,  using 
phase  modulation  of  the  one-way  and  two-way  microwave  links,  is  expected  to  be  well  into  the  sub¬ 
nanosecond  domain  [12].  The  possibility  of  recovering  the  phase  of  the  microwave  carrier  signal  from 
orbit  to  orbit  so  as  to  retain  the  phase  coherence  of  the  frequency  comparison  has  been  advanced  in  an 
earlier  publication [13];  however,  close  attention  to  the  tracking  requirements  and  atmospheric  prop¬ 
agation  delay  measurements  will  be  required  to  enable  this  “reconnection”  of  phase.  The  microwave 
time  transfer,  which  is  essentially  independent  of  weather  conditions,  would  be  calibrated  with  the 
more  precise  laser  time  transfer  method. 
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Table  1.  Space  Maser  Characteristics 

Dimensions 

Weight 

Power  Requirements 

442  mm  (17”)  diam 

67  kg 

Physics  unit: 

17  watts 

863  mm  (34)  long 

Receiver/synthesizer: 

10  watts 

Total: 

27  watts 
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FIGURE  1.  TYPICAL  H-MASER  FREQUENCY  STABILITY 
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The  overall  EURECA  configuration  has  been  primarily  determined 
for  a  maximum  payload  volume,  while  minimizing  Shuttle  launch 
costs,  both  providing  an  optimum  spacecraft  length-to-mass  ratio 
and  a  direct  attachment  to  the  Shuttle  via  a  three-point  latching 
system,  for  a  variable  positioning  of  the  platform  throughout  the 
length  of  the  Shuttle's  cargo  bay. 

The  EURECA  flight  configuration  is  shown  in  Figure  2 


Figure  2  Eureca  Flight  Configuration 
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CROSS  SECTION  VIEW  OF  SPACE  MASER 
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Configure  RIert  Display  Satellite  Run 
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QUESTIONS  AND  ANSWERS 


Dr.  G.  John  Dick,  JPL:  First,  what  do  you  feel  are  the  most  important  environmental 
problems.  You  have  the  temperature  effects  due  to  coming  in  and  out  of  sunlight.  .Secondly,  what 
would  you  have  to  say  as  to  the  utility  of  a  super  time  standard  in  a  low  orbit  like  this,  as  opposed 
to  a  geostationary  orbit. 

Dr.  Vessot:  The  first  question  is  hard  to  answer,  because  if  we  knew  what  we  were  looking  for, 
we  would  test  it  on  the  ^.ound.  It  is  usually  said  that  there  are  combinations  of  environmental 
effects  that  are  not  possibly  realizable  in  ground  testing.  1  suspect  that  temperature  gradients  arc 
likely  to  be  the  hardest  thing  to  beat.  We  will  introduce  them  in  testing  to  determine  the  response 
times  and  the  effects.  There  is  also  the  question  of  particle  radiation.  From  the  discussions  with  the 
people  who  make  Teflon,  it  appears  that  this  type  of  radiation  may  even  be  beneficial.  The  problem 
is  that  a  change  is  not  good,  so  we  will  watch  the  wall  shift  very  intently.  That  is  something  that 
we  will  measure  when  we  recover  the  vehicle  when  it  comes  back  to  earth.  It  is  likely  to  be  in  a 
powerful  radiation  belt  in  the  planned  orbit.  For  the  second  question  about  applications-there  is 
no  real  application  in  this  experiment  other  than  to  test  the  clock  in  this  very  low  orbit.  If  could 
have  polar  orbit  at  a  high  altitude,  then  we  could  have  world-wide  coverage,  which  was  the  proposal 
envisioned  for  STIFT.  This  should  have  been  able  to  do  sub- nanosecond  timing  with  a  microwave 
system.  From  what  I  have  seen  today,  it  is  not  wrong  to  expect  that  we  could  get  100  picoseconds 
with  a  laser.  The  laser  would  not  be  an  all  weather  system,  but  some  people  would  settle  for  that 
in  order  to  get  100  picoseconds. 

Mr.  Busca:  I  would  like  to  add  just  one  point.  For  time  transfer  this  will  be  a  really  unique 
situation.  We  will  be  able  to  stay  on  a  cycle  of  the  10  GHz  for  a  full  orbital  period.  The  signal-to- 
noise  and  the  clocks  allow  that  oo  be  done. 

David  Allan,  NIST:  That  brings  me  to  my  question.  I  am  very  happy  to  hear  you  say  that 
you  can  keep  track  of  a  cycle,  because  if  you  can,  going  back  to  the  STIFT  experiment,  we  were 
able  to  show  that,  if  you  can  do  the  relativity  well  enough,  meaning  that  you  have  to  keep  track  of 
the  vehicle  position  to  a  few  meters  for  the  full  orbit  in  order  to  adjust  for  all  the  relativity  terms, 
then  you  can  use  the  phase,  or  the  zero  crossings  of  the  carrier,  as  a  timing  edge.  That  would 
take  you  down  to  the  sub-ten  picosecond  level.  You  do  that  from  pass  to  pass  and  then  talk  about 
comparing  clocks  in  parts  in  the  lO'®,  lO'^  and  lO'*.  In  terms  of  long  term  timing  we  hope  that  you 
remember  what  we  tried  to  wrestle  with  before.  If  that  could  be  integrated  into  this  experiment  it 
would  be  very  useful. 
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Present  Status  and  Future  Prospects 
for  Ionospheric  Propagation  Corrections 
for  Precise  Time  Transfer  Using  GPS 


John  A.  Klobuchar 
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Air  Force  Geophysics  Directorate 
Phillips  Laboratory 
Hanscom  Air  Force  Base,  MA  01731 


Abstract 

The  ionosphere  can  be  the  greatest  variable  source  of  error  in  precise  time  transfer  using  GPS  satel¬ 
lites.  For  single  frequency  GPS  users  the  iono  spheric  correction  algorithm  can  provide  an  approximate 
50%  r.m.s.  correction  to  the  time  delay,  but  users  who  desire  a  more  complete  correction  must  make  actual 
measurements  of  ionospheric  time  delay  along  the  path  to  the  GPS  satel  lite.  Fortunately,  at  least  three 
commercial  GPS  receivers,  specifically  designed  to  measure  and  correct  for  ionospheric  time  delay,  are 
now,  or  soon  will  be,  available.  Initial  operation  with  two  different  types  of  GPS  iono  spheric  receivers 
has  demonstrated  a  high  degree  of  accuracy  in  measuring  the  ionospheric  group  delay.  Results  of  these 
measurements  will  be  presented. 

For  those  who  use  a  model  to  correct  for  ionospheric  time  delay,  it  is  tempting  to  use  daily  values 
of  solar  10.7  cm  radio  flux  to  correct  a  monthly  average  ionospheric  time  delay  model  for  each  day’s 
operation.  The  results  of  correlation  of  daily  maximum  ionospheric  time  delay  against  solar  radio  flux 
values  show  a  poor  correction  will  be  obtained  by  this  procedure.  Prospects  for  improving  ionospheric 
corrections  during  the  declining  phase  of  the  present  solar  cycle  will  be  discussed. 


INTRODUCTION 

It  is  well  known  that  attempts  to  obtain  precise  time  by  means  of  monitoring  the  clocks  on  the 
GPS  satellites  can  be  limited  by  the  time  delay  of  the  earth’s  ionosphere.  This  additional  time 
delay  is  due  to  the  group  delay  of  the  modulation  of  the  1.023  MHz  and  10.23  MHz  modulation 
which  carry  the  modulation,  or  time  information  on  the  signal.  The  amount  of  this  additional  time 
delay  can  be  expressed  as: 


At  =  40.3/(c/2)TEC  (seconds) 

where  c  is  the  velocity  of  light,  in  m/s  and  /  is  the  carrier  frequency,  in  Hertz. 

TEC  is  the  number  of  free  electrons  in  a  unit  column,  having  a  cross  section  of  one  square  meter, 
the  earth’s  ionosphere  along  the  path  between  the  satellite  and  the  ground  monitoring  station. 
One  TF'X’  unit  is  called  1  X  lO'^  el/m^. 
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Typical  monthly  median  values  of  this  additional  time  delay  are  shown  in  Figure  la  for  2000  U. 
T.  for  the  solar  maximum  year  of  1990.  Note  that  the  highest  values  of  ionospheric  vertical  time 
delay  are  50  nanoseconds.  To  convert  vertical  time  delay  values  to  those  at  a  slant  elevation  angle 
a  mean  ionospheric  height  of  400  km  is  generally  used.  Thus,  at  low  elevation  angles,  even  as  low 
as  5  degrees,  the  time  delay  will  be  only  approximately  three  times  as  high  as  the  vertical  values. 

During  a  period  of  minimum  solar  activity  the  ionospheric  time  delay  values  will  be  much  lower. 
Figure  lb  illustrates  the  results  of  a  monthly  median  model  of  time  delay  for  1995,  a  year  of 
expected  minimum  in  solar  activity.  Note  that  the  maximum  value  of  ionospheric  time  delay  is 
only  20  nanoseconds,  and  for  much  of  the  time  over  the  entire  globe,  the  maximum  median  vertical 
ionospheric  time  delay  is  less  than  5  nanoseconds.  These  model  representations  are  of  monthly 
median  conditions  only. 


IONOSPHERIC  DAY-TO-DAY  VARIABILITY 

The  variability  of  ionospheric  time  delay  about  the  monthly  median  values  for  any  month  is  ap¬ 
proximately  normally  distributed  about  the  mean  value  with  a  standard  deviation  from  20  to  25%, 
especially  during  the  daytime  hours  when  the  absolute  values  are  the  highest.  Figure  2  illustrates 
the  day-to-day  variability  of  ionospheric  time  delay  over  an  entire  year,  for  a  mid-latitude  station 
located  near  Boston,  MA.  The  units  in  Figure  3  are  in  10'®  el/m^  column.  To  obtain  nanoseconds 
of  time  delay  at  LI,  the  1.575  GHz  GPS  freq  uency,  you  must  divide  the  TEC  ordinate  scale  by  1.85. 
Note  that  each  of  the  monthly  overplots  has  a  relatively  large  spread  about  its  monthly  median 
values.  A  similar  variability  is  found  for  ionospheric  time  delay  measured  from  other  mid-latitude 
stations. 


CORRECTING  FOR  IONOSPHERIC  TIME  DELAY 

I.  THE  GPS  IONOSPHERIC  TIME  DELAY  ALGORITHM 

The  GPS  satellites  transmit,  as  part  of  their  data  message,  coefficients  designed  to  correct  for 
approximately  50%  of  the  root  mean  square,  (rms)  ionospheric  time  delay  error.  Tests  of  the 
performance  of  this  algorithm  against  a  large  amount  of  mid-latitude  ionospheric  electron  content 
data  have  shown  that,  indeed,  at  least  a  50%  rms  correction  is  achieved.  Klobuchar  and  Doherty, 
(1990),  have  looked  at  the  statistics  of  the  behavior  of  ionospheric  time  delay  for  a  number  of 
stations,  and  also  have  shown  the  statistics  of  the  residual  errors  after  applying  the  GPS  ionospheric 
time  delay  algorithm. 

Figure  3a  illustrates  the  statistics  of  the  variability  of  the  earth’s  mean  daytime  ionosphe'^e  for  a  low 
mid-latitude  station,  Ramey,  Puerto  Rico.  The  three  seasons  of  a  solar  maximum  year,  1981,  are 
represented  separately  in  Figure  3a.  The  solid  points  represent  the  actual  behavior  of  ionospheric 
range  error,  in  meters  at  LI,  versus  cumulative  probability.  One  meter  represents  3  nanoseconds 
of  time  delay.  The  abscissa  is  scaled  in  a  manner  such  that  a  normal  distribution  is  represented  by 
a  straight  line  in  this  figure.  Note  that  for  all  three  seasons  the  ionospheric  time  delay  behavior  is 
approximately  normally  distributed. 

Also  shown  in  Figure  .3a  is  the  remaining  ionospheric  range  error  after  the  use  of  the  GPS  single  fre¬ 
quency  user  algorithm  to  correct  for  ionospheric  range  error.  Note  that,  for  all  but  the  approximate 
lowest  0.01  fraction  of  the  curves,  the  use  of  the  algorithm  considerably  lowered  the  ionospheric 
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range  error. 


Figures  4a  and  4b  illustrate  similar  data  for  a  station  located  in  Hamilton,  MA  also  for  the  solar 
majcimum  year  of  1981.  Again  the  GPS  single  frequency  user  ionospheric  algorithm  provides  a  large 
improvement  over  the  actual  data  for  the  daytime  values  for  all  three  seasons.  The  large  departure 
from  near  normal  distribution  of  the  data  above  0.99  on  the  cumulative  proba  bility  curve  for  the 
equinox  daytime  values  shown  in  figure  4a  is  due  to  a  single  magnetic  storm  which  occurred  during 
that  season. 

Other  similar  comparisons  of  actual  ionospheric  measurements  against  the  GPS  ionospheric  algo¬ 
rithm  have  been  made  for  stations  located  in  Hawaii  and  Tromso,  Norway.  The  results  of  com¬ 
parisons  at  all  these  stations  show  that  the  algorithm  works  best  during  times  when  the  actual 
ionospheric  range  errors  are  the  greatest,  which  is  when  it  is  highly  desirable  that  it  should  work 
the  best.  During  the  nighttime  hours,  when  the  absolute  values  of  ionospheric  time  delay  are  low, 
the  algorithm  does  not  correct  as  well,  but  during  those  hours  of  low  absolute  values,  a  poorer 
correction  can  more  easily  be  tolerated. 


II.  MEASUREMENTS  OF  IONOSPHERIC  TIME  DELAY 

If  the  residual  errors  in  obtaining  precise  time  from  GPS  signals,  after  using  the  single  frequency 
ionospheric  correction  algorithm,  are  still  too  large  for  precise  time  transfer  using  GPS,  then  an 
actual  measurement  of  the  ionospheric  time  delay  must  be  made,  preferably  along  the  line  of  sight 
from  the  same  GPS  satellite  from  which  the  time  transfer  is  being  attempted.  Davis,  et.  al.  (1991) 
have  described  a  receiving  system  specifically  designed  to  measure  ionospheric  time  delay  from 
multiple  GPS  satellites.  Figure  5  illustrates  an  example  of  TEC  data  obtained  from  this  type  of 
code-free  rec  eiving  system.  Also  shown  in  this  figure  is  the  TEC  obtained  by  the  Faraday  rotation 
technique.  The  agreement  is  excellent,  indicating  that  the  NIST  ionospheric  monitoring  system 
works  as  desired. 

The  code-free  GPS  ionospheric  receiving  system  is  relatively  inexpensive  and  has  been  proven  to 
yield  satisfactory  values  of  ionospheric  time  delay  to  an  approximate  accuracy  of  a  few  nanoseconds, 
certainly  better  that  ten  nano  seconds,  but,  at  present,  not  as  good  as  one  nanosecond.  One 
potential  problem  for  ionospheric  corrections  is  the  unknown  offset  of  the  10.23  MHz  modulation 
on  the  LI  and  L2  frequencies  on  each  GPS  satellite.  Each  satellite  has  a  different  modulation  offset, 
called  tgd,  which  is  transmitted  as  part  of  each  satellite  message.  Unfortunately,  when  compared 
against  other  measure  ments  of  ionospheric  electron  content  the  transmitted  tgd  values  do  not  yield 
as  precise  absolute  ionospheric  electron  content  as  desired.  Several  groups  are  presently  studying 
ways  of  improving  the  accuracy  of  this  bias. 


CORRELATION  OF  IONOSPHERIC  TIME  DELAY  WITH  SO¬ 
LAR  RADIO  FLUX 

Ionization  in  the  earth’s  ionosphere  is  produced  by  ultra-violet,  UV,  emissions  from  the  sun.  Thus, 
it  is  tempting  to  use  a  standard  measure  of  short  term  solar  activity,  the  solar  radio  flux  on  10.7 
cm  wavelength,  to  correlate  with  the  day-to-day  variability  of  the  ionosphere.  Unfortunately,  this 
does  not  work  well  due  to  many  other  complicating  factors  in  the  produc  tion,  loss  and  transport 
of  ionization  in  the  earth’s  ionosphere  which  are  still  subjects  of  active  research  in  the  ionospheric 
com  m  unity. 
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As  an  example  of  attempts  to  correlate  ionospheric  time  delay  against  F10.7,  Figure  6a  illustrates 
correlations  of  mean  daytime  values  of  TEC  against  10.7  cm  solar  radio  flux  for  each  of  the  12 
months  of  1981,  a  year  of  very  high  solar  activity.  The  coefficient  of  correlation,  along  with  the 
95%  confidence  intervals  is  given  for  each  month.  Note  that,  for  most  months,  the  correlation  is 
low.  The  highest  values  of  correlation  occur  during  April  and  December  and  even  during  those 
months  the  correlation  coefficient  is  only  0.66. 

If  the  magnetically  disturbed  days  are  removed  from  each  month,  the  resulting  correlation  does  not 
impiuve  significantly,  as  indicated  in  Figure  6b.  Note  that  the  month  of  April  now  has  a  negligible 
correlation,  while  that  for  May  and  some  of  the  winter  months  has  improved  a  bit.  Over  half  the 
months  of  the  year  exhibit  a  negligible  correlation  of  mean  daytime  ionospher  ic  time  delay  against 
the  standard  FlO.7  radio  measure  of  solar  UV  flux. 


LONG  TERM  SOLAR  FLUX 

We  are  now  in  the  aeclining  phase  of  the  current  11  year  solar  cycle,  as  shown  in  Figure  7.  At 
present  the  predictions  of  long  term  solar  activity  are  not  reliable.  Thus,  an  average  solar  cycle 
maximum  is  perhaps  the  best  that  can  be  predicted  at  this  time.  As  we  approach  the  end  of  the 
current  solar  cycle,  expected  to  be  in  the  mid-1990s,  predictions  of  the  next  cycle  should  be  more 
reliable  since  the  method  which  has  had  moderate  success  in  long  term  predictions  has  relied  on 
recurrent  magnetic  storms  during  the  last  few  years  of  a  solar  cycle.  During  the  solar  minimum 
conditions  expected  in  the  mid-  1990s  the  absolute  values  of  ionospheric  time  delay  should  be  from 
one  half  to  one  fourth  their  values  during  solar  maximum. 


DISCUSSION  AND  CONCLUSIONS 

Ionospheric  time  delay  limits  the  accuracy  of  precise  time  transfer,  by  using  the  single  frequency 
signal  from  the  GPS  satellites,  to  a  few  tens  of  nanoseconds.  The  ionospheric  time  delay  algorithm 
can  improve  the  ionospheric  rms  error  by  at  least  50%,  but  the  remaining  errors  may  still  be  too 
large  for  time  transfer  at  the  ten  nanosecond  level. 

The  best  method  of  correcting  for  the  effects  of  ionospheric  time  delay  is  simply  to  measure  it 
directly  by  means  of  a  relatively  inexpensive  code-free  receiving  system  designed  specifically  for 
that  purpose.  The  overall  accuracy  of  such  a  system  is  certainly  better  than  ten  nanoseconds,  but 
probably  not  yet  at  the  one  nanosecond  level.  Time  transfer  at  the  sub-nanosecond  level  using  GPS 
will  be  very  difficult  to  accomplish  due  to  the  effects  of  the  time  delay  of  the  earth’s  ionosphere. 

The  long  term  solar  activity  of  the  present  solar  cycle  is  now  in  its  declining  phase,  and  can  be 
expected  to  reach  a  minimum  in  activity  in  the  mid-1990s.  The  best  current  estimates  of  the  next 
solar  maximum  are  for  it  to  occur  approximately  in  the  year  2000,  and  to  be  of  average  strength. 
By  the  mid-1990s  the  predictions  of  the  strength  of  the  next  solar  majdmum  should  be  greatly 
improved. 
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Figure  5. 


One  day  of  ionospheric  time  delay  received  from  a  code-free  GPS 
receiving  system  at  Hanscom  AFB,  MA. 
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Figure  6.  Correlation  of  mean  daytime  TEC  from  Hamilton,  MA  against 

for  the  twelve  months  of  1981  for  magnetically  quiet  days  (6a,  top 
portion)  and  with  all  days  included  (6b,  bottom  portion). 
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QUESTIONS  AND  ANSWERS 


Dr.  William  Klepczynski,  USNO;  A  CDmuu'iil  along  the  liiu's  of  "iho  gliost  of  Christinas 
present".  At  the  lOX  inoi'ting  in  Soptoinhor  wo  gavo  a  papor  wlioro  tin  pruhloni  is  ovon  coiiipouinlod 
iiioro  by  tho  transmittod  niodol  by  (IPS.  'I'horo  is  a  maxiiiniiii  nuinbor  for  tho  solar  flux  unit  that 
can  b('  t ransinittod.  d'lio  nirront  valiios  of  solar  flux  oxcood  that  value.  There  is  a  truncation 
[irobleni  that  makes  the  transmitted  model  incomplete  when  the  sun  really  acts  up. 

Mr.  Klobuchar:  \’es.  it  was  very  bad  during  .lanuary  and  February.  I  don't  know  what  to  do 
about  that.  If  .)F*()  would  give  a  little  money  to  think  about  it,  we  could  try  to  update  the  model. 
'  here  is  a  later  set  of  data  now  that  we  could  use  to  improve  that  algorithtn.  but  1  don't  think 
that  there  is  much  interest  at  .IPO. 

Dr.  Henry  Fliegel,  Aerospace;  It  is  not  known  as  well  as  it  should  be.  perhaps,  that  .IPO  no 
longer  directs  the  day  to  day  operations  of  OPS.  That  is  really  m  the  hands  of  Space  ('ommatid. 
riie  one  thing  that  .IPO  can  do,  of  course,  is  to  revise  the  software  to  take  care  of  this  truncatioti 
[iroblem  that  Hill  atid  you  have  just  bemi  discussing.  1  guess  that  we  should  work  oti  that  so  that 
we  will  be  ready  for  the  next  solar  maximum.  The  other  commetit  that  1  have  is  that,  although 
frankly  the  relations  between  .IPO  atid  Space  Command  have  been  very,  very  poor  over  the  last  few 
years.  I  think  that  umb'r  the  new  joint  command  for  GPS.  the  .Air  F'orce  will  be  more  responsive 
to  things  like  this. 

Mr.  Klobuchar:  Without  getting  into  the  politics  of  the  situation,  it  is  not  jtist  a  truncation 
firoblem.  It  is  because  the  algorithm  coefficients  themselves  were  designed  only  up  to  an  average 
solar  cycle  maxitnum.  We  didn't  accurate  time  delay  information  that  incorpora'ed  even  the  19!^1 
cych',  let  alone  the  present  cycle.  However,  now  that  is  available.  It  would  require  a  lot  of  looking  at 
the  data  and  new  coefficients  and  a  new  model.  I  think  that  it  is  not  a  problem  for  the  operational 
side,  but  for  the  Space  Systems  Division  side. 

Samuel  Ward,  JPL  In  looking  at  the  data  there,  and  being  aware  that  the  ionizatioti  of  the 
atmosphere  by  the  solar  flux  is  a  function  of  the  angle  that  the  flux  strikes  the  atmosphere.  That 
angle  is  a  function  of  the  tidal  bulge  caused  by  solar,  earth,  lunar  rhythms.  Could  this  cause  some 
of  the  jiroblems  that  you  see? 

Mr.  Klobuchar:  What  causes  the  long  term  .solar  behavior  is  not  something  that  I  don't  really 
want  to  comment  on.  Some  peojile  h.ave  said  that  most  of  the  angular  momentum  of  the  solar 
system  is  due  to  the  |)lanet  .liipiter.  since  it  is  the  heaviest  planet.  So  somehow  .lupiter  “sucks 
out"  the  sutispots  from  tlie  .->1111.  The  period  of  .lupiter  is  about  11  years.  Having  said  all  of  that.  I 
shouldn't  have  because  that  smacks  to  me  of  astrology.  The  people  who  are  the  real  .solar  experts 
don't  hav('  a  good  handle  on  what  causes  the  cycles.  They  are  starting  to  understand  the  shorter 
tertn  stuff  a  little,  but  not  the  long  tertn.  They  know  less  about  forecasting  solar  cycles  than  we  do 
.ibout  the  weather.  .IPL  is  starting  to  give  some  excellent  data  on  the  ionospheric  mea.stireim  tits 
around  the  world  because  they  are  scattering  the  ROGUE  receivers  aroutid  and  are  getting  a  lot 
of  data.  With  that  data,  it  may  be  possible  to  make  a  world  wide  model  of  platietary  time  delay, 
directly,  withiti  the  next  five  years  or  so. 

Dr.  Claudine  Thomas,  BIPM:  'ton  forgot  to  mention  that  there  is  another  form  of  codeless 
receiver  that  was  developed  at  HIPM  and  reported  .At  the  PTTI  in  Redondo  Beacii.  It  is  now- 
available  in  commercial  form,  cou[)led  with  a  GP.S  receiver.  That  receiver  is  used  at  BIP.M. 
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Mr.  Klobuchar:  Yes,  I  didn’t  mean  to  go  into  the  commercial  units,  but  there  are  several  out 
there.  You  should  realize  that  the  rights  to  commercial  use  of  them  belongs  to  Pete  McDoran,  who 
did  the  work  when  he  was  at  JPL.  The  sequence  is  probably  JPL,  NIST  with  the  French  group, 
and  the  Japanese. 
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